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O Brasil é o maior produtor de suco de laranja do mundo e a previsão é que 
processe 12,85 milhões de toneladas da fruta na safra 2016/2017, o que 
representaria 62% do processamento mundial. Por consequência, o Brasil é o maior 
gerador de polpa cítrica, composta pelas cascas, resíduos da polpa e sementes 
(aproximadamente 50% da massa da fruta). Atualmente, a polpa cítrica é em grande 
parte descartada em aterros industriais, o que gera ônus econômico e ambiental. Em 
busca da solução, surgiu o conceito da biorrefinaria de polpa cítrica, com o objetivo 
de transformar essa biomassa em energia, biocombustíveis e químicos. Em torno de 
25% da polpa cítrica é composta por pectina, um heteropolissacarídeo estrutural 
formado majoritariamente por ácido D-galacturônico, aproximadamente 70% dos 
seus monossacarídeos. Como a pectina possui pequena demanda no mercado em 
relação ao seu potencial de produção, sua hidrólise para obter ácido D-galacturônico 
é uma alternativa para viabilizar a biorrefinaria. O ácido D-galacturônico é um 
intermediário para a produção de ácido L-galactônico, ácido L-ascórbico e ácido 
múcico, compostos com aplicação na indústria de alimentos, cosméticos e fármacos. 
A obtenção do ácido D-galacturônico depende da hidrólise completa de substratos 
pécticos realizada pela ação de diferentes enzimas, uma vez que a hidrólise química 
pode degradar o monossacarídeo de interesse. A modelagem matemática da 
hidrólise enzimática é uma ferramenta para o dimensionamento e a otimização 
dessa etapa. Contudo, os atuais modelos da hidrólise completa de substratos 
pécticos são ferramentas limitadas, pois são demasiadamente simplificados. Um 
modelo útil como ferramenta de otimização deve individualizar a ação das diferentes 
pectinases e prever a concentração dos substratos, intermediários e produtos ao 
longo do tempo. Neste trabalho, foram realizadas as primeiras etapas do 
desenvolvimento desse modelo. Foram desenvolvidos dois modelos estocásticos, 
baseados no método Monte Carlo, para a ação de enzimas cruciais na produção de 
ácido D-galacturônico, as endo- e exopoligalacturonases. Esses modelos estão de 
acordo com a teoria da cinética enzimática clássica, fato que não ocorre em modelos 
estocásticos de reações similares já descritos na literatura. Os parâmetros cinéticos 
utilizados nos modelos são as constantes de especificidade relativas da enzima, 
tanto para cada substrato, como para cada reação possível com um mesmo 
substrato. A etapa final de uma sacarificação é a hidrólise de oligossacarídeos, e as 
especificidades das enzimas variam significantemente frente o tamanho do 
oligômero e a posição de clivagem. Para caracterizar essas especificidades, o 
método Fingerprinting foi estendido nesse trabalho para ser aplicado em esquemas 
de reação ramificados, como é o caso da hidrólise de oligossacarídeos. Esse 
método traz vantagens frente aos métodos já descritos na literatura, como ensaios 
de velocidade inicial e método da frequência de clivagem por ligação, uma vez que 
todas as especificidades relativas podem ser determinadas a partir de um único 
perfil completo de reação. Diante das limitações dos modelos matemáticos atuais, 
este trabalho lança bases para o desenvolvimento de um modelo matemático da 
hidrólise total de substratos pécticos por consórcio de enzimas. 
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Brazil is the largest producer of orange juice in the world and is expected to 
process 12.85 million tons of the fruit in the 2016/2017 harvest, which would 
represent 62% of the world's processing. As a consequence, Brazil is the largest 
producer of waste citrus, composed of peels, pulp residues and seeds 
(approximately 50% of fruit mass). Currently, most of the citrus waste is discharged in 
industrial landfills, which generates economic and environmental burden. In search of 
the solution, the concept of biorefinery of citrus waste emerged, with the objective of 
transforming this biomass into energy, biofuels and chemicals. About 25% of the 
citrus waste is composed of pectin, a structural heteropolysaccharide formed 
predominantly of D-galacturonic acid, approximately 70% of its monosaccharides. 
Since pectin has little market demand in relation to its production potential, its 
hydrolysis to obtain D-galacturonic acid is an alternative to enable biorefinery. D-
galacturonic acid is an intermediate for the production of L-galactonic acid, L-
ascorbic acid and mucic acid, compounds with application in the food, cosmetic and 
pharmaceutical industry. The production of D-galacturonic acid depends on the 
complete hydrolysis of pectic substrates carried out by the action of different 
enzymes, since the chemical hydrolysis can degrade the monosaccharide of interest. 
The mathematical modeling of enzymatic hydrolysis is a tool for the design and 
optimization of this hydrolysis step. However, the current models of complete 
hydrolysis of pectic substrates are limited tools, since they are too simplified. A useful 
model as an optimization tool should individualize the action of the different 
pectinases and predict the concentration of the substrates, intermediates and 
products over time. In this work, the first steps of the development of this model were 
taken. Two stochastic models, based on the Monte Carlo method, were developed 
for the action of crucial enzymes in the production of D-galacturonic acid, endo- and 
exopoligalacturonases. These models are in accordance with the theory of classical 
enzymatic kinetics, a fact that does not occur in stochastic models of similar reactions 
already described in the literature. The kinetic parameters used in the models are the 
relative specificity constants of the enzyme for each substrate, as well as for each 
possible reaction with the same substrate. The final step of a saccharification is the 
hydrolysis of oligosaccharides, and the specificities of the enzymes vary significantly 
against the size of the oligomer and the cleavage position. To characterize these 
specificities, the Fingerprinting method was extended in this work to be applied in 
branched reaction schemes, as is the case of oligosaccharide hydrolysis. This 
method has advantages over the methods already described in the literature, initial 
rate assays and bond cleavage frequency method, since all relative specificities can 
be determined from a single complete reaction profile. In view of the limitations of 
current mathematical models, this work lays the foundations for the development of a 
mathematical model of the total hydrolysis of pectic substrates by a consortium of 
enzymes. 
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CAPÍTULO 1 - CONTEXTUALIZAÇÃO E MOTIVAÇÕES 
 
 
1.1 VISÃO GERAL DA ESTRATÉGIA DE AÇÃO DO GRUPO DE PESQUISA 
 
Este trabalho de doutorado está inserido no projeto de pesquisa desenvolvido 
pelo Laboratório de Tecnologia Fermentativa e Enzimática do Departamento de 
Bioquímica e Biologia Molecular da UFPR, cujo tema é “Biorrefinaria de polpa cítrica 
- Desenvolvimento de processos para a produção de ácido D-galacturônico e seus 
derivados”. Esse projeto é coordenado pelo Prof. Dr. David Alexander Mitchell e seu 
desenvolvimento foi dividido em três subprojetos apresentados na Figura 1.1. 
 
FIGURA 1.1 – VISÃO GERAL DO PROJETO DE PESQUISA 
 
FONTE: O autor (2017). 
 
 O primeiro subprojeto trata da produção de enzimas pectinolíticas por 
fermentação no estado sólido (Figura 1.1A). Os estudos começaram em escala de 
bancada e atualmente estão sendo realizados em biorreator de escala piloto. Este 
subprojeto conta com estudos experimentais e de modelagem matemática com o 
objetivo de otimizar a produção das enzimas. O segundo subprojeto trata da 
hidrólise de substratos pécticos oriundos da polpa cítrica, um resíduo do 
processamento da laranja (Figura 1.1B). Os estudos de hidrólise são realizados 
tanto com enzimas de origem comercial, quanto com enzimas produzidas por 
fermentação no estado sólido do primeiro subprojeto. O objetivo é otimizar a 
produção do ácido D-galacturônico, o monômero majoritário de substratos pécticos, 
por meio de ensaios experimentais e de modelagem matemática. A modelagem 
matemática da hidrólise enzimática de substratos pécticos é o foco de estudo desse 
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trabalho de doutorado. O terceiro subprojeto é realizado em cooperação com um 
grupo coordenado pelo Dr. Peter Richard do VTT - Technical Research Centre of 
Finland (Figura 1.1C). Esse subprojeto trata do desenvolvimento de cepas 
microbianas, por meio de técnicas de engenharia genética e metabólica, com 
capacidade de gerar químicos (ácido L-galactônico, ácido L-ascórbico, ácido múcico) 
e etanol biocombustível a partir do ácido D-galacturônico. 
 
 
1.2 BIORREFINARIA DE POLPA CÍTRICA 
 
O Brasil é o maior produtor e exportador de suco de laranja do mundo. A 
produção de laranja no Brasil foi de 14,32 milhões de toneladas na safra 2015/2016, 
o que representou 30% da produção mundial. A previsão para a safra de 2016/2017 
é de 18,20 milhões de toneladas, o que representa 37% da produção mundial. 
Desse total brasileiro, 12,85 milhões de toneladas de laranja estão previstas para 
serem processadas na indústria no período 2016/2017, o que representa 62% do 
processamento mundial dessa fruta (USDA, 2017). 
Essa indústria de processamento de laranja gera, de forma abundante, uma 
biomassa residual composta por sementes, resíduos da polpa e cascas da fruta, a 
qual será chamada ao longo desse trabalho de polpa cítrica. Esse resíduo 
agroindustrial representa aproximadamente 50% da massa de laranjas in natura 
processadas e possui 20% de matéria seca (LOHRASBI et al., 2010). Portanto, de 
acordo com as projeções de produção (USDA, 2017), o Brasil gerará 6,43 milhões 
de toneladas de polpa cítrica úmida (1,29 milhões de toneladas em matéria seca) no 
período 2016/2017. A composição da polpa cítrica pode variar de acordo com a 
variedade da laranja, com as condições de cultivo e com o método de 
processamento em suco. De qualquer forma, a polpa cítrica possui baixo teor de 
lignina e proteína, e apresenta como componentes majoritários a pectina, a celulose, 
a hemicelulose e carboidratos fermentescíveis (glucose, frutose e sacarose) 
(POURBAFRANI et al., 2010). A Tabela 1.1 a seguir apresenta a composição da 




TABELA 1.1 – COMPOSIÇÃO EM MASSA SECA DA POLPA CÍTRICA 
Glucose Frutose Sacarose Pectina Celulose 
8,10% 12,00% 2,80% 25,00% 22,00% 
Hemicelulose Proteína Lignina Limoneno Cinzas 
11,09% 6,07% 2,19% 3,78% 3,73% 
 
FONTE: POURBAFRANI et al. (2010). 
 
Atualmente, a polpa cítrica é peletizada para a produção de suplemento para 
ração animal. Contudo, essa aplicação é minoritária e possui pouca relevância 
econômica, uma vez que a polpa cítrica possui baixo teor proteico e requer alto 
gasto energético no processo de secagem para produção do suplemento 
(POURBAFRANI et al., 2010; RIVAS-CANTU; JONES; MILLS, 2013). Por 
consequência, a maior parte da polpa cítrica gerada é descartada em aterros 
industriais, o que gera ônus econômicos e ambientais para indústria, como tantos 
outros resíduos agroindustriais (RIVAS-CANTU; JONES; MILLS, 2013). 
 Em 2010, foi proposto o conceito de biorrefinarias de polpa cítrica para 
agregar valor a esse resíduo (LOHRASBI et al., 2010; POURBAFRANI et al., 2010; 
LOPEZ; LI; THOMPSON, 2010). Uma biorrefinaria integra processos de conversão 
de biomassa em energia, biocombustíveis e químicos. Uma biorrefinaria de polpa 
cítrica poderia integrar as seguintes etapas industriais (Figura 1.2) (POURBAFRANI 
et al., 2010; LOPEZ; LI; THOMPSON, 2010): 
 
1) Hidrólise ácida branda seguida de explosão a vapor da polpa cítrica com o 
objetivo de liberar as frações celulósicas e pécticas dessa biomassa; 
2) Recuperação do D-limoneno pela condensação do vapor produzido na etapa 1; 
3) Filtração do hidrolisado para a recuperação da fração líquida contendo 
carboidratos solúveis; 
4) A fração sólida retida na etapa 3 é direcionada para a biodigestão anaeróbia com 
o objetivo de gerar biogás; 
5) A fração solúvel obtida na etapa 3 segue para a precipitação etanólica de 
carboidratos ricos em pectina (pectina bruta), seguida de sua recuperação e 
secagem; 
6) A fração solúvel restante da extração da pectina é rica em carboidratos 
fermentescíveis e segue para uma fermentação etanólica; 
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7) O caldo fermentado segue para uma destilação com o objetivo de recuperar o 
etanol. O resíduo da destilação também é destinado à biodigestão descrita na 
etapa 4. 
 
FIGURA 1.2 – FLUXOGRAMA DAS ETAPAS DE UMA BIORREFINARIA DE POLPA CÍTRICA 
 
FONTE: Adaptado de POURBAFRANI et al. (2010). 
 
Os produtos finais da biorrefinaria de polpa cítrica sugerida seriam o D-
limoneno, a pectina bruta, o biogás e o etanol (Figura 1.2). O D-limoneno é utilizado 
como flavorizante nas indústrias de alimentos, cosméticos e medicamentos (LOPEZ; 
LI; THOMPSON, 2010). A pectina é utilizada como geleificante, estabilizante e 
suplemento de fibras solúveis na indústria de alimentos, como espessante, 
estabilizante e agente anti-idade na indústria de cosméticos, e como agente 
formador de cápsulas na indústria farmacêutica (CIRIMINNA et al., 2015). Os 
biocombustíveis, biogás e etanol, podem ser reaproveitados na própria planta 
industrial, já que os processos possuem a possibilidade de integração. Por exemplo, 
o etanol produzido na etapa 7 pode ser utilizado como agente da precipitação da 
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pectina na etapa 5; o biogás gerado na etapa 4 pode ser utilizado como combustível 
para a geração de calor utilizado nas etapas de hidrólise e destilação, etapas 1 e 7, 
respectivamente (POURBAFRANI et al., 2010).  
 
 
1.3 DESTINO DA PECTINA 
 
Os primeiros trabalhos sobre o aproveitamento da polpa cítrica como matéria-
prima de uma biorrefinaria focaram seus objetivos na conversão da sua fração 
celulósica em etanol e na obtenção de pectina como o outro produto final do 
refinamento (RIVAS-CANTU; JONES; MILLS, 2013). Porém, a pectina representa 
uma fração significativa da polpa cítrica, de acordo com Pourbafrani et al. (2010), em 
torno de 25% em base seca. De acordo com o processamento de laranja previsto 
para o período de 2016/2017 (USDA 2017), a produção mundial de polpa cítrica 
poderia ser utilizada para produzir em torno de 518 mil toneladas de pectina, 
podendo ser o Brasil responsável por produzir em torno de 323 mil toneladas nesse 
período. Por outro lado, o mercado mundial de pectina foi de somente 40 mil 
toneladas em 2015, com potencial de crescimento devido ao aumento da demanda 
por produtos alimentícios funcionais (CIRIMINNA et al., 2015) e ao desenvolvimento 
de aplicações nas indústrias farmacêuticas, cosméticas e de polímeros (CHAN et al., 
2017). Caso a demanda mundial por pectina se mantenha constante, essa demanda 
representa apenas 8% do potencial de produção mundial de pectina no período 
2016/2017. O potencial excedente de pectina (92%) seria uma matéria-prima 
importante para a produção de outros produtos de um biorrefinaria.  
 A pectina é um heteropolissacarídeo estrutural complexo, pois é composta por 
diferentes famílias de polissacarídeos. A família predominante é a 
homogalacturonana, a qual compõe aproximadamente 60% da pectina e é um 
homopolímero de unidades de ácido D-galacturônico unidas por ligações 
glicosídicas do tipo α-1,4 (VORAGEN, 2009). Esses monossacarídeos estão 
parcialmente metil-esterificados e compõem a chamada região lisa da pectina 
(Figura 1.3A). A ramnogalacturonana I é outra família significativa na composição da 
pectina, e constitui sua região ramificada. A estrutura principal da 
ramnogalacturonana I é composta pela repetição de dissacarídeos formados por 
ácido galacturônico e ramnose. Frequentemente, as unidades de ramnose estão 
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substituídas por cadeias laterais formadas por α-L-arabinose e β-D-galactose, 
denominadas de arabinanas, galactanas e arabinogalactanas (Figura 1.3A). Como 
constituintes minoritários, a pectina pode conter também xilogalacturonana e 
ramnogalacturonana II, esta última é uma região altamente ramificada e formada por 
diferentes monossacarídeos, como galactose, arabinose, xilose, apiose, ácido 
acérico, fucose e ácido glucurônico (Figura 1.3B) (MAXWELL et al., 2012).  
O ácido D-galacturônico é o constituinte majoritário da pectina, pois 
representa em torno de 70% de seus monossacarídeos (MOHNEN, 2008), o que o 
torna um composto chave na viabilização da biorrefinaria. O ácido D-galacturônico é 
um monossacarídeo do tipo aldose com grupamento ácido, ou seja, um ácido 
urônico. Na pectina, os monômeros de ácido D-galacturônico estão unidos por 
ligações glicosídicas do tipo α-1,4, e podem estar esterificados com metanol em 
seus grupos carboxila (RICHARD; HILDITCH, 2009).  
 
FIGURA 1.3 – DIAGRAMA ESQUEMÁTICO DAS ESTRUTURAS DA PECTINA 
 
FONTE: Adaptado de MAXWELL et al. (2012). 
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O ácido D-galacturônico na forma monomérica possui aplicações limitadas 
como quelante nas indústrias farmacêutica e alimentícia (WIEBE et al., 2010), 
portanto, o interesse econômico apenas como produto final é restrito. Porém, seu 
uso como uma plataforma para a produção de diversos outros compostos é 
promissor. Muitas espécies utilizam, de forma eficiente, o ácido D-galacturônico 
como fonte de carbono para o seu crescimento, dentre elas os procariotos 
Escherichia coli, Agrobacterium tumefaciens e Pseudomonas acidovorans, e os 
eucariotos Hypocrea jecorina, Aspergillus niger e Botrytis cinerea (RICHARD; 
HILDITCH, 2009). Com base no catabolismo do ácido D-galacturônico já existente 
nessas espécies, estão sendo desenvolvidos organismos geneticamente 
modificados que tenham a capacidade de converter o ácido D-galacturônico em 
produtos de maior valor agregado (KUIVANEN et al., 2012). O ácido D-galacturônico 
já foi estudado como precursor de: 
 
 Ácido L-galactônico: pode ser utilizado como quelante nas indústrias de 
fármacos, cosméticos, detergentes, solventes e tintas; como acidificante na 
indústria de alimentos; é precursor do ácido L-ascórbico (vitamina C) (KUIVANEN 
et al., 2012; KUIVANEN et al., 2014); 
 Ácido L-ascórbico (VitaminaC): é anti-oxidante e co-fator enzimático; utilizado na 
indústria de alimentos, bebidas, ração animal e fármacos (KUIVANEN; 
PENTTILÄ; RICHARD, 2015); 
 Ácido meso-galactárico (ácido múcico): é utilizado como agente quelante, como 
composto ativo de produtos cosméticos para pele e como melhorador de 
farinhas; pode ser utilizado precursor para síntese de polímeros (MOJZITA et al., 
2010). 
 
Outra alternativa em estudo é a engenharia metabólica da levedura 
Saccharomyces cerevisiae para a conversão de ácido D-galacturônico em etanol. 
Para que essa estratégia seja possível, a via do catabolismo do ácido D-
galacturônico deve ser inserida na levedura. Cinco genes da via redutiva do ácido D-
galacturônico em fungos já foram integrados ao cromossomo da levedura. Além 
disso, um transportador de ácido D-galacturônico também foi inserido. Como 
resultado, a cepa metabolizou ácido D-galacturônico em um meio com frutose como 
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co-substrato, um primeiro passo no caminho da produção de etanol (BIZ et al., 
2016).   
 
 
1.4 HIDRÓLISE ENZIMÁTICA PARA OBTENÇÃO DO ÁCIDO D-GALACTURÔNICO 
 
A pectina, com destaque para sua fração de homogalacturonana, deve ser 
submetida a uma hidrólise total para a obtenção do ácido D-galacturônico. Para que 
essa hidrólise seja completa por via química, são necessárias altas concentrações 
de ácido (até 2 M) e altas temperaturas (100˚C). Essas condições drásticas de 
hidrólise podem causar a degradação do ácido D-galacturônico em lactonas. Uma 
alternativa para obter o ácido D-galacturônico a partir da pectina, e evitar sua 
degradação, é a hidrólise total pela via enzimática (GARNA et al., 2006).  
As enzimas pectinolíticas são separadas em classes dependendo de suas 
funções. A esterases clivam os grupamentos metil dos monômeros esterificados de 
ácido D-galacturônico. As depolimerases diminuem o grau de polimerização das 
cadeias polissacarídicas. As depolimerases incluem hidrolases e liases, as quais 
podem ter ação de endo-enzima (clivar regiões no interior da cadeia) ou de exo-
enzima (clivar a partir das extremidades redutoras ou não-redutoras da cadeia). As 
hidrolases do tipo poligalacturonases clivam a ligação glicosídica α-1,4 entre duas 
unidades de ácido D-galacturônico. As liases clivam a mesma ligação, porém 
também liberam uma molécula de água, o que gera uma unidade de ácido D-
galacturônico insaturado a cada clivagem (RICHARD; HILDITCH, 2009). A Figura 
1.4 apresenta um esquema da ação de três classes de enzimas (esterases, 








FIGURA 1.4 – ESQUEMA DA AÇÃO ENZIMÁTICA SOBRE A HOMOGALACTURONANA 
 
 
FONTE: Adaptado de JOLIE et al. (2012). 
 
 
1.5 MODELAGEM MATEMÁTICA DA HIDRÓLISE DE PECTINA E DE SEUS 
DERIVADOS 
 
Rivas-Cantu, Jones e Mills (2013), em uma análise da literatura, identificaram 
algumas necessidades em áreas importantes para a viabilização de uma 




1) Avaliação do efeito do tamanho das partículas e de sua área superficial na 
velocidade das reações de hidrólise e no rendimento de carboidratos; 
2) Desenvolvimento de pré-tratamentos químicos que melhorem a acessibilidade de 
pectinases e celulases à estrutura polissacarídica; 
3) Avaliação do efeito dos carboidratos solúveis livres presentes inicialmente sobre 
a velocidade da hidrólise enzimática; 
4) Utilização de complexos enzimáticos otimizados para aumentar a velocidade da 
hidrólise enzimática; 
5) Desenvolvimento de áreas fundamentais para a otimização e o aumento de 
escala dos processos da biorrefinaria, como: cinética das reações, projeto dos 
reatores, balanço de massa e energia para as etapas da biorrefinaria 
 
Modelos matemáticos seriam ferramentas úteis na simulação e otimização de 
processos de hidrólise enzimática de substratos pécticos, e contribuiriam em muito 
na viabilização de uma biorrefinaria de polpa cítrica, principalmente no 
desenvolvimento das áreas 3, 4 e 5 sugeridas por Rivas-Cantu, Jones e Mills (2013) 
e citadas anteriormente. Os modelos dinâmicos, ou seja, que preveem a reação ao 
longo do tempo, os quais já foram propostos para descrever a hidrólise enzimática 
da pectina podem ser divididos em dois tipos, 1 e 2: 
 
1) Modelos que descrevem a atuação de uma enzima pectinolítica purificada e 
preveem a geração e o consumo de intermediários; 
2) Modelos que descrevem a hidrólise da pectina pelo complexo pectinolítico em 
uma única etapa, ou seja, a transformação de pectina diretamente em ácido D-
galacturônico, com a atuação de um consórcio de enzimas sendo representado 
por uma única enzima aparente. 
 
Na literatura foi encontrado apenas um modelo dinâmico que prevê a 
formação e o consumo de intermediários da hidrólise de um substrato péctico 
(modelo Tipo 1). Este modelo foi desenvolvido por Todisco, Calabrò e Iorio (1994) 
para prever a formação de oligômeros por uma endo-poligalacturonase atuando 
sobre o ácido poligalacturônico. Para simplificar o modelo, os oligômeros formados 
foram divididos, de acordo com os tamanhos obtidos experimentalmente por 
ultrafiltração, em quatro frações: S (150000 a 50000 g mol-1), A (50000 a 10000 g 
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mol-1), B (10000 a 2000 g mol-1) e C (2000 a 212 g mol-1). Os autores sugeriram o 
seguinte esquema de reação: S é clivada formando as frações A, B e C; A é clivada 
formando as frações de B e C; B é clivado formando C (Figura 1.5). No modelo, foi 
levada em consideração a inibição da hidrólise de B pelo produto C (TODISCO; 
CALABRÒ; IORIO, 1994). Uma limitação deste modelo é que foi desconsiderado 
que cada substrato presente na mistura reacional atua como inibidor competitivo dos 
outros substratos. 
 
FIGURA 1.5 – ESQUEMA REACIONAL DA HIDRÓLISE DE ÁCIDO POLIGALACTURÔNICO 
(MODELO TIPO 1) 
 
 
LEGENDA: S (150000 a 50000 g mol
-1
); A (50000 a 10000 g mol
-1
); B (10000 a 2000 g mol
-1
);  
C (2000 - 212 g mol
-1
).  
FONTE: O autor (2017). 
  
Com o modelo proposto, Todisco, Calabrò e Iorio (1994) demonstraram que é 
possível prever a distribuição das massas molares dos oligômeros durante a 
hidrólise. Contudo, esse modelo não é útil para a previsão e otimização de um 
processo que busque o ácido D-galacturônico como produto, uma vez que não 
individualiza o comportamento desse monômero. Além disso, seria necessário 
adicionar a ação de exo-poligalacturonases, enzimas que liberam monômeros a 
partir das extremidades do polímero.  
Existem dois modelos dinâmicos da hidrólise de pectina que tratam a 
conversão da pectina em ácido D-galacturônico como se a reação ocorresse em 
uma única etapa (modelos Tipo 2) (BACIU; JÖRDENING, 2004; KHAMSEH; 
MICCIO; FERRARI, 2013). Ambos os autores utilizaram um complexo pectinolítico 
para a hidrólise, ou seja, uma mistura de enzimas pectinolíticas com diferentes 
ações, porém a ação de cada enzima não foi individualizada pelo modelo. O 
complexo pectinolítico foi tratado pelos modelos como uma enzima única aparente 
que gerou como produto o ácido D-galacturônico. A geração e o consumo de 
intermediários da hidrólise da pectina não foram avaliados por nenhum dos autores. 
A Tabela 1 sumariza as características do sistema reacional utilizadas dos modelos. 
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TABELA 1 – MODELOS DINÂMICOS DA HIDRÓLISE DE PECTINA CÍTRICA EM ÁCIDO D-
GALACTURÔNICO POR ENZIMA ÚNICA APARENTE 
 
Referência Substrato Preparação enzimática 
Fatores de inibição 
utilizados 
Baciu e Jördening (2004) Pectina cítrica
 
Pectinex® 1001 
Inibição pelo produto e 
pelo substrato 
Khamseh, Miccio e 
Ferrari (2013) 
Pectina cítrica Pectinex® Ultra SP-L Inibição pelo produto 
FONTE: O autor (2017). 
 
O modelo proposto por Baciu e Jördening (2004) utiliza a equação de 
Michaelis-Menten para descrever a formação do ácido D-galacturônico em apenas 
uma etapa, incluindo termos de inibição pelo produto e pelo substrato. As constantes 
cinéticas do modelo, ou seja, a constante catalítica (kcat) e as constantes de 
Michaelis-Menten (KM), foram estimadas pelo ajuste da curva prevista pelo modelo à 
curva experimental de unidades monoméricas de ácido D-galacturônico ao longo do 
tempo. As constantes cinéticas determinadas foram denominadas de aparentes, pois 
não se referem a uma enzima pura, mas sim a uma mistura de enzimas.  
Apesar do modelo descrito por Baciu e Jördening (2004) se ajustar bem aos 
dados experimentais, a constante de Michaelis-Menten aparente (KM’) obtida foi de 
3,5 g L-1, enquanto que a mesma constante obtida por outra estratégia, baseada em 
experimentos de determinação da velocidade inicial, foi de 11,8 g L-1, ou seja, 3,4 
vezes maior. Os autores afirmaram que a grande diferença entre os valores de KM’ 
ocorreu devido às alterações de pH e de viscosidade no meio ao longo da hidrólise, 
as quais não foram levadas em conta pelo modelo (BACIU; JÖRDENING, 2004). 
Porém, mesmo que as mudanças de pH e de viscosidade ao longo do tempo fossem 
desprezíveis, essa discrepância entre os valores de KM’ provavelmente continuaria a 
ocorrer, uma vez que uma constante aparente engloba a ação de várias enzimas. 
Quando KM’ é calculada com dados iniciais de hidrólise, é mais afetada pela ação de 
endo-enzimas, já que os substratos das exo-enzimas (extremidades redutoras) 
estão em baixas concentrações. Por outro lado, quando KM’ é calculada com dados 
ao longo de toda a hidrólise, é também afetada pela ação de exo-enzimas. Como as 
endo e exo-enzimas possuem valores de KM diferentes, o KM’ não se mantém 
constante ao longo da hidrólise da pectina por uma mistura de enzimas. 
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Khamseh, Miccio e Ferrari (2013) optaram por determinar a constante 
catalítica aparente (kcat’) e a constante de Michaelis-Menten aparente (KM’) por 
linearização dos dados de velocidade inicial e utilizá-las diretamente no modelo para 
prever as concentrações de ácido D-galacturônico ao longo de toda a hidrólise. 
Apesar de o modelo ter se adequado bem aos dados experimentais utilizadas pelos 
autores, essa abordagem traz um erro teórico ao modelo, pois, como descrito 
anteriormente, as constantes aparentes utilizadas são mais influenciadas pela ação 
de endo-enzimas no início da hidrólise. 
Uma limitação dos modelos cinéticos de hidrólise da pectina com enzima 
única aparente (ou seja, modelos Tipo 2) é o fato de sua capacidade de previsão 
poder ser perdida quando a preparação enzimática sofre modificações. Devido a 
variações nas condições de produção, preparações enzimáticas produzidas por um 
mesmo micro-organismo podem apresentar variações na proporção de cada enzima 
pectinolítica. Preparações enzimáticas diferentes podem originar constantes 
aparentes diferentes a serem utilizadas no modelo. Neste caso, as constantes 
devem ser obtidas para cada novo lote de enzimas, o que diminui muito a utilidade 
do modelo na previsão dos processos. 
Simular de forma matemática a dinâmica complexa de formação e consumo 
de diversos intermediários (poli-, oligo- e monossacarídeos) requer uma descrição 
aprofundada dos fenômenos que determinam a cinética de hidrólise de pectina por 
complexo pectinolítico, a qual não é bem descrita na literatura. Por consequência, os 
modelos matemáticos que já foram propostos são ferramenta limitadas de 
simulação, dimensionamento e otimização da etapa de hidrólise enzimática da 
pectina dentro de uma biorrefinaria de polpa cítrica.  
 
 
1.6 OBJETIVOS E JUSTIFICATIVAS 
 
 Diante das limitações dos modelos matemáticos atuais, discutidas na seção 
anterior, este trabalho de doutorado lança bases para o desenvolvimento de um 
modelo matemático da hidrólise total de substratos pécticos por consórcio de 
enzimas, o qual é um dos objetivos de longo prazo da linha de pesquisa 
“Biorrefinaria de polpa cítrica - Desenvolvimento de processos para a produção de 
ácido D-galacturônico e seus derivados” desenvolvida pelo Laboratório de 
21 
 
Tecnologia Fermentativa e Enzimática do Departamento de Bioquímica e Biologia 
Molecular da UFPR (Figura 1.6). Esse modelo poderá se tornar uma ferramenta para 
o dimensionamento e a otimização da produção de ácido D-galacturônico em 
biorrefinarias de polpa cítrica.  
 
FIGURA 1.6 – VISÃO GERAL DOS OBJETIVOS DA LINHA DE PESQUISA NA ÁREA DA 
MODELAGEM MATEMÁTICA DA CINÉTICA DE HIDRÓLISE DE SUBSTRATOS 
PÉCTICOS (LABORATÓRIO DE TECNOLOGIA FERMENTATIVA E ENZIMÁTICA 




FONTE: O autor (2017). 
 
 Para iniciar o desenvolvimento do objetivo final da linha de pesquisa na área 
de modelagem da cinética de hidrólise de substratos pécticos, foi necessário decidir 
qual o sistema reacional de trabalho, ou seja, qual o substrato e quais as enzimas de 
interesse. Além disso, foi preciso decidir qual o método de modelagem matemática 
seria empregado e com quais parâmetros cinéticos. 
O sistema escolhido foi a hidrólise de ácido poligalacturônico por uma mistura 
de endo- e exopoligalacturonases. O ácido poligalacturônico foi escolhido como 
substrato porque a maioria das regiões ramificadas da pectina são destruídas 
durante sua extração da polpa cítrica, restando basicamente as regiões lineares de 
polímeros de ácido D-galacturônico com alguns monossacarídeos neutros ligados 
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(CIRIMINNA et al., 2015). Essas regiões lineares são componentes majoritários da 
pectina, na qual o ácido poligalacturônico pode estar metil-esterificado ou não. Como 
a fração de monômeros metil-esterificados diminui durante a extração da pectina 
(RICHARD; HILDITCH, 2009), o substrato de trabalho não possui esterificações. As 
enzimas de trabalho foram as endopoligalacturonases e as exopoligalacturonases, 
as quais agem despolimerizando a cadeia de ácido poligalacturônico e geram um 




Desenvolver ferramentas para viabilizar a obtenção de um modelo matemático da 




1. Estender o método de Fingerprinting para aplicá-lo na determinação do conjunto 
de constantes de especificidade que representam o modo de ação das 
endopoligalacturonases em um esquema reacional ramificado; 
2. Adaptar o método Monte Carlo para descrever a ação de endo- e 
exopoligalacturonases separadamente, no intuito de dar as bases para um 
posterior modelo que descreva a ação das duas enzimas numa mesma mistura. 
 
As justificativas da escolha do método Monte Carlo para modelagem, e da 
necessidade de estender o método Fingerprinting para permitir a determinação das 
especificidades enzimáticas num sistema de hidrólise de oligossacarídeos (Figura 
1.4), são dadas nos itens 1.6.1 e 1.6.2. O desenvolvimento dos trabalhos propostos 
nos objetivos específicos 1 e 2 estão descritos nos Capítulos 2 e 3, respectivamente. 
 
 
1.6.1 Justificativa da escolha da modelagem matemática pelo método Monte Carlo 
 
A hidrólise do ácido poligalacturônico gera uma mistura complexa de 
polímeros e oligômeros de todos os tamanhos (intermediários) e de monômeros 
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(produto final), cujas concentrações variam ao longo da hidrólise. Isso leva à 
existência de uma rede complexa de interações entre enzimas e seus substratos. 
Uma parte da complexidade provem do fato que uma mesma enzima possui vários 
substratos e ações diferentes sobre um mesmo substrato. Por exemplo, uma endo-
enzima pode clivar um hexâmero de forma a gerar dois trímeros ou de forma a gerar 
um dímero e um tetrâmero. Essa rede de interações ficará ainda mais complexa com 
a modelagem da hidrólise de um polímero ramificado como a pectina e com a 
representação de enzimas com diferentes modos de ação agindo em sinergia. Para 
ser uma ferramenta útil de previsão, dimensionamento e otimização, o modelo 
deverá representar essa rede de interações. 
 Geralmente, os modelos matemáticos de reações enzimáticas são 
determinísticos, ou seja, formados por um conjunto de equações diferenciais. 
Contudo, qualquer tentativa de descrever esquemas de reação altamente complexos 
pela forma determinística gera um número muito grande de equações diferenciais, e 
cada equação diferencial com inúmeros termos. Seria necessário ter uma equação 
diferencial por espécie do meio reacional (substratos, intermediários e produtos). Em 
cada equação diferencial, seria necessário ter um termo para cada ação enzimática 
possível que gera aquele substrato e um termo para cada ação enzimática possível 
que consome aquele substrato. Caso a modelagem determinística fosse escolhida, a 
complexidade do modelo aumentaria drasticamente ao ampliar o estudo da hidrólise 
de ácido poligalacturônico para homogalacturonana, por exemplo. Neste caso, as 
metil-esterificações deveriam ser distribuídas randomicamente sobre cada molécula 
de substrato, o que tornaria inviável a representação das reações por um modelo 
determinístico. 
Portanto, para a modelagem da hidrólise do ácido poligalacturônico nesse 
trabalho, foi escolhido um método estocástico, o método de Monte Carlo. Nesse 
método, as reações enzimáticas não são representadas por um sistema de 
equações diferenciais, mas sim como eventos que avançam em iterações, cuja 
ocorrência envolve escolhas aleatórias dentro de uma distribuição de probabilidades.  
No contexto de uma reação enzimática, cada evento é uma “escolha” da enzima por 
um dos substratos no meio reacional (NAKATANI, 1997). A probabilidade de uma 
reação específica ocorrer depende da concentração do substrato e da preferência 
inata da enzima por catalisar uma reação com um substrato, a qual é representada 
pela constante de especificidade (JOHNSON, 2008). Após a definição da 
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distribuição de probabilidades, um número randômico é gerado para definir qual das 
possíveis ações a enzima realizará naquela iteração. 
A modelagem pelo método Monte Carlo apresenta vantagens em relação à 
modelagem determinística baseada em equações diferenciais, como, por exemplo: 
mudanças nas propriedades dos substratos e nas características das enzimas ao 
longo da reação podem ser incorporadas mais facilmente ao modelo; ao longo da 
hidrólise, a distribuição do número de moléculas de diferentes graus de 
polimerização pode ser facilmente determinada, o que promove um melhor 
entendimento do modo de ação das enzimas (KUMAR; MURTHY, 2013).  
Modelos estocásticos baseados no método Monte Carlo já foram utilizados 
para simular a hidrólise enzimática de malto-oligômeros (NAKATANI, 1997; 
ISHIKAWA et al., 2007), de homogalacturonana (WILLIAMS et al., 2001) e de 
oligômeros de ácido D-galacturônico (HUNT; CAMERON; WILLIAMS, 2006). Hunt, 
Cameron e Williams (2006) e Williams et al. (2001) utilizaram os parâmetros de 
frequência de clivagem de ligação (Bond Cleavage Frequency) como característica 
de preferência inata das enzimas. Entretanto, as frequências de clivagem por ligação 
somente dão informação sobre as especificidades relativas que a enzima possui 
frente às diferentes reações possíveis com um mesmo substrato: uma vez que esses 
parâmetros são determinados a partir de experimentos com substratos puros, não 
trazem informações sobre as especificidades relativas da enzima para substratos 
diferentes. Na hidrólise de polissacarídeos e oligossacarídeos, diferentes substratos 
estão presentes ao mesmo tempo, portanto, a frequência de clivagem de ligação por 
substrato não é suficiente para fornecer todos os parâmetros de um modelo do tipo 
Monte Carlo. Nos seus modelos, Nakatani (1997) e Ishikawa et al. (2007) utilizaram 
o inverso das constantes de dissociação do complexo enzima-substrato como os 
parâmetros de preferência da enzima. Entretanto, a probabilidade de uma reação 
ocorrer depende do produto de duas probabilidades: a probabilidade de a enzima se 
ligar ao substrato, e a probabilidade de o complexo enzima-substrato avançar na 
direção da formação de produto, ao invés de liberar o substrato após a formação de 
um complexo improdutivo. Portanto, atualmente, há a necessidade de desenvolver 
um modelo do tipo Monte Carlo que use as constantes de especificidade como base 
para o cálculo das probabilidades de cada reação acontecer. 
 Visto as deficiências teóricas presentes nos trabalhos que já modelaram a 
hidrólise de poli- e oligossacarídeos solúveis pelo método Monte Carlo, este trabalho 
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de doutorado teve o objetivo de desenvolver um modelo do tipo Monte Carlo 
coerente com a teoria da cinética enzimática clássica de Michaelis & Menten. 
 
 
1.6.2 Justificativa da necessidade de um método para a obtenção das constantes de 
especificidade 
 
A etapa de sacarificação envolve a hidrólise dos oligossacarídeos e as 
especificidades da enzima variam significativamente frente ao tamanho desses 
substratos e à posição da ligação glicosídica quebrada dentro de uma mesma 
molécula (KESTER et al., 1996; DAVIES et al., 1997). Portanto, a caracterização das 
preferências da enzima pelas diferentes reações durante a hidrólise de 
oligossacarídeos é de fundamental importância para modelos matemáticos que 
simulam processos de sacarificação, tanto modelos determinísticos quanto modelos 
estocásticos. Durante a clivagem dos oligossacarídeos, produtos de uma reação de 
hidrólise também se tornam substratos para a enzima, o que gera um esquema de 
reação ramificado. Uma boa caracterização quantitativa das especificidades da 
enzima dentro dessa rede de reações é essencial. 
Os métodos descritos na literatura para determinar essas preferências das 
enzimas apresentam diversas limitações. O método qualitativo, no qual as 
preferências por cada substrato são interpretadas pela análise visual dos perfis de 
reação (BONNIN et al., 2001; MERTENS; BRAKER; JORDAN, 2010), pode resultar 
em interpretações imprecisas e errôneas. Experimentos de velocidade inicial para 
determinação das constantes catalítica e de Michaelis & Menten fornecem as 
especificidades globais da enzima por um substrato, mas não diferenciam suas 
preferências pelas diferentes reações com um mesmo substrato (KESTER et al., 
1996; DAVIES et al., 1997). Ao contrário, o método da frequência de clivagem das 
ligações (Bond Cleavage Frequency) fornece as preferências das enzimas pelas 
diferentes reações com um mesmo substrato, mas não traz especificidades relativas 
entre substratos diferentes (BENEN; KESTER; VISSER, 1999; ROY et al., 1999). 
As limitações descritas no parágrafo anterior podem ser evitadas pelo método 
chamado de Fingerprinting, com o qual é possível determinar as especificidades 
relativas da enzima para todas as possíveis reações que levam do substrato inicial 
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aos produtos finais. O método utiliza como base um único experimento, no qual as 
concentrações de todas as espécies no meio reacional são determinadas ao longo 
do tempo (MITCHELL; CARRIÈRE; KRIEGER, 2008). Esse método já foi aplicado na 
caracterização de perfis de reação lineares, nos quais a enzima possui apenas uma 
ação possível por substrato, e na caracterização de esquemas de reação com 
apenas duas ramificações (MITCHELL; CARRIÈRE; KRIEGER, 2008; MITCHELL et 
al., 2010). Entretanto, este método ainda não foi aplicado na caracterização de 
esquemas de reação com mais ramificações, como é o caso da ação de 






CAPÍTULO 2 - FINGERPRINTING OF OLIGOSACCHARIDE-HYDROLYZING 
ENZYMES THAT CATALYZE BRANCHED REACTION SCHEMES 
 
Este capítulo é uma reprodução do artigo intitulado “Fingerprinting of oligosaccharide 
hydrolyzing enzymes that catalyzes branched reaction schemes” publicado em 31 de 
Maio de 2016 por Biochemical Engineering Journal (volume 113, p 93-101; doi: 
10.1016/j.bej.2016.05.012). 
Copyright © 2016 Elsevier, reproduzido com autorização da Elsevier. 
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We present three case studies, based on literature data, in which the 
“fingerprinting” method of determining the relative specificities of an enzyme is 
applied to branched reaction schemes. The first case study involves the hydrolysis of 
maltoheptaose by a β-amylase and shows that the fingerprinting method can be 
applied to schemes involving processivity. The analysis reveals that the native β-
amylase has a 1.26-fold preference for attacking maltoheptaose by the processive 
route over the non-processive route, but that for a mutant enzyme this preference is 
0.18-fold. The second case study involves the hydrolysis of β-1,6-N-
acetylglucosamine oligomers by DispersinB. Our set of relative specificity constants 
is more consistent with the results of initial rate experiments than is the set that the 
authors obtained by fitting a pseudo-first order model to their data. The third case 
study involves the hydrolysis of galacturonic acid oligomers by an 
endopolygalacturonase. This enzyme can catalyze a total of 11 different reactions 
with a mixture of tri-, tetra-, penta-, hexa- and heptagalacturonates. We determined 
the relative specificity constants for these 11 reactions. The fingerprinting method 
has advantages over the methods that have been previously used to determine 
specificity constants for branched reaction schemes, being able to use a single 
experimental reaction profile for determination of all relative specificity constants.  
 
Keywords: specificity constant; mathematical model; oligosaccharide hydrolysis; 






The enzymatic saccharification of polysaccharides will become of increasing 
importance as biorefineries are developed to take advantage of biomass [1]. Many of 
the enzymes that are used in the saccharification of polysaccharides are capable not 
only of catalyzing different reactions with the same substrate but also of catalyzing 
subsequent reactions with the products of the initial reactions, giving rise to branched 
reaction schemes. In order to select suitable enzymes for use in saccharification 
processes, or even to change the properties of native enzymes in order to make 
them more suitable for such processes, it is important to know the relative 
specificities that the enzyme has for the various different reactions that it is capable 
of catalyzing. 
With polymers, the specificity of endoenzymes and exoenzymes tends to be 
relatively insensitive to chain length [2]. However, near the end of a saccharification 
process, there will be many oligosaccharides present and, in this case, the 
specificities of endoenzymes and exoenzymes can be significantly affected by the 
number of residues in the oligosaccharide [3-11]. It is interesting, then, to 
characterize the specificities that exoenzymes and endoenzymes have for the 
various reactions that they can catalyze with oligosaccharides. 
The methods that have been applied to date for estimating relative specificities 
of enzymes in branched reaction schemes are often experimentally cumbersome, 
requiring numerous assays. Additionally, they provide estimates of only some of the 
specificity constants. For example, some give global specificity constants for the 
various substrates, failing to characterize the specificity constants for different 
reactions that the same substrate can suffer [3-12]. Other methods give specificity 
constants for different reactions with the same substrate, but are incapable of 
characterizing specificities of the enzyme for different substrates [13-17].  
 These limitations are avoided in the so-called “fingerprinting” approach of 
Mitchell et al. [18-20]. This approach can use data from a single time course 
experiment to determine the relative specificity of the enzyme for all the reactions 
that it can catalyze starting from the initial substrate. It has the additional advantage 
of using the fractional reaction extent, rather than time, as the independent variable; 
this means that complicating phenomena, such as enzyme denaturation and 
substrate or product inhibition, do not interfere with the analysis. This approach has 
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been well-developed for linear reaction schemes [18], but not for branched reaction 
schemes, in which the enzyme may catalyze more than one reaction with a given 
species and both products of a reaction may suffer further cleavage. To date, it has 
only been applied to schemes with two simple branches [19,21].  
 The aim of this work is, therefore, to extend the fingerprinting method to the 
analysis of reaction schemes with various branches. It does this by considering three 
case studies of increasing complexity, namely: (i) hydrolysis of maltoheptaose by a β-
amylase in a scheme that can follow either a processive or non-processive route [22], 
(ii) hydrolysis of β-1,6-N-acetylglucosamine oligomers by DispersinB [12] and (iii) 
hydrolysis of galacturonic acid oligomers by an endopolygalacturonase from 
Fusarium moniliforme [6].  
 
 
2.2. MATHEMATICAL METHODS 
 
2.2.1. Analysis of the consistency of the data set 
 
The consistency of the data was checked for each case study. In case studies 
1 and 2 (Sections 2.3.1 and 2.3.2), the remnants of the “backbones” of the original 
oligomers were identifiable amongst the reaction products. In this case, the 
consistency analysis checked whether the number of “backbone remnants” detected 
at a sampling time was equal to the original number of oligomers. In case study 3 
(Section 2.3.3), the experimental analysis provided data for the concentrations of all 
reaction species. In this case, the consistency analysis checked whether the number 
of monomeric residues detected at a sampling time was equal to the initial number of 
residues in the reaction mixture. Details are given in the individual case studies. In 
case studies 1 and 2, the data sets passed the consistency test and were used as 
extracted from the source. In case study 3, the data sets extracted from the original 
source failed the test, as too many of the residues (> 5% of the original number) 
disappeared from the reaction medium during the various reactions. In this case, the 
data were corrected to a set of data in which the total number of residues was 
conserved throughout the reaction. The correction method is given in the case study. 
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2.2.2. Calculation of relative concentrations and the fractional reaction extent  
 
The concentrations of all species were expressed relative to the concentration 





where X# is the relative concentration of the oligomer of length # and [Xn]0 is the 
initial concentration of the original substrate, which is an oligomer of length n. 
In those cases in which the original data were not presented in terms of 
fractional reaction extent (represented here by the symbol F), but rather in terms of 
time, the data were converted to F as the independent variable. Mitchell et al. [18] 
calculated F for linear reaction schemes in terms of the number of attackable bonds 
that had been hydrolyzed. This calculation was possible since, in the schemes that 
they analyzed, one mole of final product was formed per mole of hydrolyzed bonds. 
In branched reaction schemes, the same product can potentially be generated by 
different routes that involve different numbers of hydrolysis reactions and which, 
therefore, make different contributions to the advance of F. In the current work, the 
value of F was therefore calculated by subtracting the “unhydrolyzed attackable 
bonds” from the total initial number of attackable bonds. When an enzyme can 
potentially attack all the bonds between the residues of the original substrate, F is 
given by: 
𝐹 = 1 − (




) = 1 − (




In this equation, n is the number of residues in the initial substrate. The 
various [X#] terms represent the concentrations of oligomers with the number of units 
indicated by the subscript # and [Xn]0 is the initial concentration of Xn. The various X# 
terms represent the relative concentrations of the oligomers with # units. The 
individual case studies show variations of this equation for specific situations: case 
study 1 (Section 2.3.1) gives the equation for the release of disaccharides from a 
heptamer; case study 2 (Section 2.3.2) gives the equation for when the reducing end 
of the molecule is marked and only the hydrolysis of marked oligomers is taken into 
account; and case study 3 (Section 2.3.3) gives the equation for when the initial 
substrate is contaminated with another hydrolyzable species.  
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2.2.3. Determination of relative specificity constants  
 
Mitchell et al. [18] described the general method for obtaining the set of 
differential equations that describes the hydrolysis of the initial substrate and the 
formation and consumption of the various intermediates generated during the 
reaction. Although they described the methodology in the context of linear reaction 
schemes, the same considerations apply to branched schemes. The equations 
deduced in the current work are shown in the individual case studies. Two of the 
case studies involve various reaction profiles, each starting with a different oligomer. 
In these cases, the equation sets are shown here only for the hydrolysis of the 
longest oligomer. The equation sets for the shorter oligomers are shown in the 
Supplementary Material.  
Each model is a system of differential equations describing the relative 
concentrations of the various species involved in the reaction, with the fractional 
reaction extent as the independent variable. The parameters of these equations are 
the relative specificities of the enzyme for the various reactions that it can catalyze 
with the various species. The model was solved numerically using the function ode45 
of MATLAB®, which is based on an explicit Runge-Kutta (4,5) algorithm. The values 
of the parameters of the model were obtained by using the non-linear optimization 






=∑(√(𝑥𝑖 𝑒𝑥𝑝 − 𝑥𝑖 𝑐𝑎𝑙𝑐)
2





=∑[(𝑥𝑖 𝑒𝑥𝑝 − 𝑥𝑖 𝑐𝑎𝑙𝑐)
2








where xexp and xcalc are the experimental and predicted values of the fractional 
reaction extent, yexp and ycalc are the experimental and predicted values of the relative 
concentrations of the species and j is the total number of experimental data points.  
This objective function was chosen because the experimental error in the 
dependent variables (the relative concentrations) introduces experimental error into 
the calculated independent variable (the fractional reaction extent). It minimizes the 
sum of the squares of the smallest distances between the predicted curve and the 
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experimental points [23]: it does not restrict these distances to be calculated “on the 
vertical” (i.e. at the same value of the independent variable), but rather calculates 
these distances “on the diagonal”. In order to implement this method, the differential 
model was solved at intervals of 0.001 of the fractional reaction extent. A matrix was 
then calculated in which each column corresponded to a particular experimental data 
point. The values in the column of the matrix gave the distances of each predicted 
point on the curve from that particular experimental data point. The function min of 
MATLAB® was then used to generate a row vector whose entries represent the 
lowest values in each of the columns of the matrix (i.e. a row vector of j “minimum 
distances”).  
In case studies 2 and 3, the authors undertook several different experiments 
with oligomers of different lengths. In each of these case studies, a hydrolysis model 
was developed for each experiment and these models were solved and optimized 
simultaneously. In this manner, a single set of optimized parameter values was 





2.3.1. Case study 1: Hydrolysis of maltoheptaose by a processive β-amylase  
 
The first case study was selected to demonstrate two points about the 
fingerprinting method: First, that it can quantify specificity changes that result from 
enzyme engineering programs and, second, that it can be used to characterize 
enzymes that show the phenomenon of processivity. This particular case study 
involves β-amylase, which can be used to produce maltose-rich hydrolysates from 
starch. It uses data obtained by Ishikawa et al. [22] for the removal of maltose units 
from the non-reducing end of maltoheptaose, an oligomer containing seven units of 
α-1,4-glucopyranosyl, by the β-amylase (EC 3.2.1.2) of soybeans. The final products 






Fig. 2.1. Reaction scheme for the hydrolysis of maltoheptaose by a soybean β-amylase. The dashed 
arrows represent the non-processive route while the continuous arrows represent the processive 
route. Key: G7 is maltoheptaose, G5 is maltopentaose, G3 is maltotriose and G2 is maltose; k7N, k5N 
and k7P represent the specificity constants of the enzyme for each of the reactions.  
 
Initially, Ishikawa et al. [22] undertook studies with the native β-amylase, which 
can catalyze this reaction following two possible routes: a non-processive route and a 
processive route. The non-processive route consists of two separate steps: in the 
first step, the enzyme binds to maltoheptaose and liberates maltose and 
maltopentaose into the medium; in the second step, the enzyme binds to the 
maltopentaose and liberates maltose and maltotriose into the medium. In the 
processive route, the enzyme binds to maltoheptaose and liberates the first maltose 
without releasing the maltopentaose; the enzyme then slides along the 
maltopentaose and liberates maltose and maltotriose into the medium. The enzyme 
does not hydrolyze maltotriose. Ishikawa et al. [22] then produced two mutant 
enzymes. The first of these was D53A, in which the tendency to follow the processive 
route was diminished in relation to the native enzyme; the second was W55R, in 
which the processive route was eliminated.  
Although Mitchell et al. [18] applied the fingerprinting analysis to the native 
enzyme, they only allowed for the non-processive route in their model, and therefore 
the model was not able to fit well to the data obtained by Ishikawa et al. [22] for this 
enzyme. On the other hand, the model did fit well to the data obtained with the non-
processive mutant enzyme, W55R. The aim of the current case study is to 
demonstrate that it is possible to apply the fingerprinting analysis when the reaction 
scheme has both processive and non-processive branches. 
In this analysis, [G7], [G5] and [G3] are the concentrations of maltoheptaose, 
maltopentaose and maltotriose, respectively. Similarly, G7, G5 and G3 are the 
relative concentrations of maltoheptaose, maltopentaose and maltotriose, 
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respectively (i.e. normalized with respect to the initial concentration of 
maltoheptaose, [G7]0). 
The consistency index (CI) of the data was calculated at each sampling time. It 
expresses the recovery of “remnants of the backbones of the original G7”: 
𝐶𝐼𝑚 =
[G7]𝑚 + [G5]𝑚 + [G3]𝑚
[G7]0
= 𝐺7𝑚 + 𝐺5𝑚 + 𝐺3𝑚 (4) 
where the subscript “m” denotes the mth sampling time. For all sampling times, 0.95 
 CIm  1.05, and therefore the data set was used without correction. 
For the reaction scheme given in Fig. 2.1, the fractional reaction extent is 
defined as: 
𝐹 = 1 − (
2[G7] + [G5]
2[G7]0





Application of the approach described by Mitchell et al. [18] leads to the 

















(𝑅7N𝐺7 + 2𝑅7P𝐺7 + 𝑅5N𝐺5)
 (8) 
where the R-parameters represent relative specificity constants (i.e. normalized with 
respect to k7N). By definition, R7N = 1. The step-by-step deduction of the model is 
given in the Supplementary Material. 
This set of equations was able to fit well to the profiles reported by Ishikawa et 
al. [22] for the two -amylases with processive action, namely the native enzyme and 
the mutant enzyme D53A (Fig. 2.2). The values of the relative specificity constants 
are shown in Fig. 2.3.  
The value of R7P (= k7P/k7N) of 1.26 shows that the native soybean β-amylase 
has a slight preference for attacking maltoheptaose by the processive route, 
compared to the non-processive route. The ratio R5N/(R7N+R7P) can be calculated 
from the relative specificities in Fig. 2.3; this ratio represents the specificity that the 
free enzyme has for attacking maltopentaose, divided by the specificity for attacking 
maltoheptaose by either route. This ratio is 0.89 for D53A, showing that when this 
enzyme is free, it has a reasonably similar specificity for attacking maltoheptaose (by 




Fig. 2.2. Fitting of the model to the data of Ishikawa et al. [22] for the action of soybean β-amylase on 
maltoheptaose. (a) Native β-amylase; (b) mutant D53A. Key: (3) Maltotriose; (5) Maltopentaose; (7) 




Fig. 2.3. Values of relative specificities for native soybean β-amylase and the mutant enzyme D53A. 
The dashed arrows represent the non-processive route while the continuous arrows represent the 
processive route. Key: G7 is maltoheptaose, G5 is maltopentaose, G3 is maltotriose and G2 is 
maltose; R-values represent relative specificity constants normalized with respect to k7N for each of the 




that when this mutant enzyme binds to maltoheptaose, it is 5 times as likely to follow 
the non-processive route than the processive route. 
This analysis shows that it is, indeed, possible to apply the fingerprinting 
analysis when an enzyme can follow either a processive or non-processive route. It is 
simply necessary to allow for both routes in the reaction scheme, which Mitchell et al. 
[18] did not do in their analysis. 
 
 
2.3.2. Case study 2: Hydrolysis of β-1,6-N-acetylglucosamine oligomers by 
DispersinB 
 
The second case study was selected to demonstrate two additional points 
about the fingerprinting method: first, that it can be used with reaction schemes 
involving more than two branches and, second that it has advantages over the 
method of fitting a pseudo first-order mathematical model. This case study uses data 
obtained by Fazekas et al. [12] for the hydrolysis of β-1,6-N-acetylglucosamine 
thiophenylglycosides, containing from 3 to 5 residues, by DispersinB, which is an N-
acetyl-glucosaminidase that is specific for β-(1,6) glycosidic bonds. This enzyme has 
potential for use in the prevention or eradication of biofilms on biomedical devices 
destined for implantation [12].  
Fazekas et al. [12] proposed the scheme shown in Fig. 2.4. They undertook 
three different experiments, starting with β-(1,6)-linked N-acetylglucosamine 
thiophenyl glycosides with degree of polymerization of 3, 4 and 5. We applied the 
fingerprinting analysis simultaneously to these three reaction profiles. We determined 
the relative specificities of DispersinB for bonds within oligomers marked on the 
reducing end with a thiophenyl group, as these were the only species for which 





Fig. 2.4. Reaction scheme given by Fazekas et al. [12] for the hydrolysis of thiophenyl N-acetyl-β-
(1,6)-pentaglucosamine oligomers by DispersinB. The solid lines represent reactions that are visible to 
the analytical method that was used (i.e. reactions for which one of the products contains a thiophenyl 
group on the reducing end). The dashed lines represent reactions that consume species that do not 
contain this functional group. Key: Sn represents a thiophenyl β-1,6-N-acetylglucosamine oligomer 
with n units; Pn represents a β-1,6-N-acetylglucosamine oligomer with n units; S1 is thiophenyl N-
acetyl-β-D-glucosamine; P1 is N-acetyl-D-glucosamine; and the parameters represented by k are the 
specificity constants of the enzyme for each of the reactions. 
 
Application of the approach described by Mitchell et al. [18] leads to three sets 
of differential equations, one set for each experiment (i.e. starting with the 
triglucosamine, the tetraglucosamine and the pentaglucosamine). Each set is 
expressed in terms of the appropriate fractional reaction extent as the independent 
variable. Below, we present the equations for reactions initiated with the 
pentaglucosamine. In these equations, [Sn] represents the concentration of the 
thiophenyl glycoside with n N-acetylglucosamine residues, while Sn represents the 
relative concentration of this species (i.e. normalized with respect to the initial 
concentration of the pentaglucosamine, [S5]0). The corresponding equations for the 
reactions initiated with the triglucosamine and the tetraglucosamine are given in the 
Supplementary Material. 
The consistency index (CI) of the data was calculated at each sampling time. It 
expresses the recovery of “marked reducing ends”. For the reaction started with the 
pentaglucosamine, this index is given by: 
𝐶𝐼𝑚 =
[S5]𝑚 + [S4]𝑚 + [S3]𝑚 + [S2]𝑚 + [S1]𝑚
[S5]0
= 𝑆5𝑚 + 𝑆4𝑚 + 𝑆3𝑚 + 𝑆2𝑚 + 𝑆1𝑚 (9) 
 
where the subscript “m” denotes the mth sampling time. For all sampling times of the 
three experiments of Fazekas et al. [12], 0.95  CIm  1.05. Therefore the data were 




The fractional reaction extent for the reaction started with the 
pentaglucosamine is defined as: 
𝐹5 = 1 − (
4[S5] + 3[S4] + 2[S3] + [S2]
4[S5]0
) = 1 − (




The set of differential equations for the pentaglucosamine (S5) as initial 










𝑅52𝑆5 + 𝑅42𝑆4 + 𝑅32𝑆3 − 𝑅21𝑆2





𝑅53𝑆5 + 𝑅43𝑆4 − 𝑅32𝑆3 − 𝑅31𝑆3





𝑅54𝑆5 − 𝑅43𝑆4 − 𝑅42𝑆4





−𝑅54𝑆5 − 𝑅53𝑆5 − 𝑅52𝑆5
(𝑅54 + 2𝑅53 + 3𝑅52)𝑆5 + (𝑅43 + 2𝑅42)𝑆4 + (𝑅32 + 2𝑅31)𝑆3 + 𝑅21𝑆2
 (15) 
 
In these equations, the R-parameters are relative specificity constants, based 
on k21 (i.e. they are defined as Rxy = kxy/k21). By definition, R21 = 1. 
The three sets of equations fit well to the three data sets that Fazekas et al. 
[12] obtained with the different initial substrates, namely S3, S4 and S5 (Fig. 2.5). 
The set of relative specificity constants obtained through the fitting procedure (see 
Fig. 2.6) has been referred to as a “fingerprint” of the enzyme [19]. These relative 
specificity constants can be analyzed to show the preferences of DispersinB for the 
various bonds within the various substrates that it can attack. In the reaction that 
removes a single residue from the non-reducing end of an oligomer marked on the 
reducing end with a thiophenyl group, DispersinB prefers to attack S3 compared to 
S2 (R32 = k32/k21 = 1.81). Of the two possible forms of attack on S3, the enzyme has 
a significant preference for attacking the glycosidic bond at the non-reducing end 
(R32/R31 = k32/k31 = 1.81/0.06 = 30). Of the two possible forms of attack on S4, the 
enzyme has a 1.6-fold preference for attacking the glycosidic bond next to the non-
reducing end, over attack on the central glycosidic bond (R43/R42 = k43/k42 
=1.41/0.84). Amongst the three possible forms of attack on S5, the preference of the 
enzyme falls almost linearly with the distance of the glycosidic bond from the non-





Fig. 2.5. Fitting of the model to the data of Fazekas et al. [12] for the hydrolysis of oligomers of 
thiophenyl β-1,6-N-acetylglucosamine by DispersinB. Fazekas et al. [12] performed the hydrolysis with 
different initial substrates, namely (a) the triglucosamine, (b) the tetraglucosamine and (c) the 
pentaglucosamine. The experimental data points are represented by numbers that reflect that number 
of residues in the oligomer. The continuous lines give the fit of the model. 
 
Fazekas et al. [12] used “pseudo first-order kinetic constants” to characterize 
the preference of DispersinB for attacking the various glycosidic bonds in the various 
oligomers. These constants were obtained by fitting a set of pseudo first-order 
differential equations to temporal profiles of the reaction species (their full equation 
set is provided in the Supplementary Material). The relative values of their pseudo 
first-order kinetic constants (obtained by dividing the values of their constants by the 
value of the constant for the hydrolysis of the marked dimer) are larger than the 
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relative specificity constants that we obtained by applying our fingerprinting analysis 
to their data, with the degree of discrepancy being greater with increasing oligomer 
size (Fig. 2.6). Our estimates are preferable, since pseudo-first order kinetic 
constants are not true constants, but rather complex expressions that involve the 
concentrations of the various species present in the reaction medium (a detailed 
analysis is provided in the Supplementary Material). In fact, this explains why 
Fazekas et al. [12] obtained different estimates for these constants when they fitted 
their equation set individually to the temporal profiles obtained in three different 
reactions (i.e. with the three different initial substrates): the concentrations of the 
various species in the reaction mixture are different in the three reactions. Since the 
constants of the equations used in the fingerprinting analysis are true constants 
(specificity constants), they are not affected by the variations in the concentrations of 
reaction species, neither during a particular hydrolysis reaction nor between 
reactions carried out with different substrates. 
 
 
Fig. 2.6. The “fingerprint” of relative specificity constants for the attack of DispersinB on oligomers of 
thiophenyl β-1,6-N-acetylglucosamine. Key: Rxy represents the ratio of the specificity constant for the 
attack of the enzyme on the glycosidic bond indicated by the arrow, relative to the specificity constant 
for hydrolysis of the glycosidic bond of the disaccharide; (—) results of the fingerprinting analysis 
performed in the current work; (--) relative values of the pseudo first-order constants obtained by 
Fazekas et al. [12], normalized with respect to the pseudo first-order constant for hydrolysis of the 
glycosidic bond of the disaccharide. In the diagrams of the various oligomers shown below the 
abscissa, the grey circles indicate the residues at the reducing ends of the oligomers. 
 
Fazekas et al. [12] also obtained direct independent estimates of the 
specificity constants for each of the oligomers in experiments based on 
measurements of the initial rates of consumption of each of the oligomers from S2 to 
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S5. Since the “global specificity constant” for an oligomer is given by the sum of the 
specificity constants for the various reactions that the enzyme can catalyze with that 
oligomer, it is possible for us to estimate the relative values of the global specificity 
constants for each oligomer by summing our relative specificity constants for the 
various reactions of that oligomer. Similar “relative global pseudo first-order 
constants” for each oligomer can be calculated by summing the appropriate relative 
pseudo first-order constants obtained by Fazekas et al. [12]. As shown by Fig. 2.7, 
the relative value of the experimentally determined global specificity constant (i.e. 
normalized relative to k21) increases approximately linearly with oligomer size from 
the diglucosamine to the pentaglucosamine. This figure also shows that the relative 
global specificity constants that we obtained through the finger-printing analysis are 
closer to the directly measured experimental values of Fazekas et al. [12] than are 




Fig. 2.7. Values of the relative global specificity constants of DispersinB for each oligomer of 
thiophenyl β-1,6-N-acetylglucosamine (i.e. normalized relative to k21). Key: () values determined 
experimentally by Fazekas et al. [12] using initial rate experiments; (—) results of the fingerprinting 
analysis performed in the current work; (--) results of the analysis performed by Fazekas et al. [12] 





2.3.3. Case study 3: Hydrolysis of galacturonic acid oligomers by an 
endopolygalacturonase from Fusarium moniliforme 
 
The third case study was selected to show the importance of checking the 
consistency of the data and to demonstrate possible strategies for data correction 
when the consistency is not adequate. Additionally, it is the most complex branched 
reaction scheme for which all the species (i.e. reaction substrates, intermediates and 
final products) were quantified, involving eleven reactions and seven species. This 
case study uses data obtained by Bonnin et al. [6] for the hydrolysis, by an 
endopolygalacturonase of Fusarium moniliforme, of α-(1,4) glycosidic bonds between 
residues of D-galacturonic acid within oligogalacturonates. Endopolygalacturonases 
are an essential component of pectinase preparations that have the potential to be 
used for the saccharification of pectin in biorefineries [24]. 
Within the text, the oligogalacturonates will be represented by “Qn”, where n 
represents the number of residues in the oligomer. Bonnin et al. [6] undertook 
experiments starting with the tetragalacturonate (Q4), the pentagalacturonate (Q5) 
the hexagalacturonate (Q6) and the heptagalacturonate (Q7). We applied the 
fingerprinting analysis simultaneously to these four reaction profiles.  
Here, we present the equations for reactions initiated with Q7. In these 
equations, [Qn] represents the concentration of Qn, while Qn represents the relative 
concentration of this species (i.e. normalized with respect to the initial concentration 
of the heptagalacturonate, [Q7]0). The corresponding equations for the reactions 
initiated with Q4, Q5 and Q6 are given in the Supplementary Material. 
Fig. 2.8 shows the reaction scheme that was represented by our model. In this 
scheme, the enzyme cannot hydrolyze Q2, as demonstrated experimentally by 
Bonnin et al. [6]. It is important to note that when two different reactions give the 
same two products from the same substrate, they are treated as a single reaction. 
For example, Q7 can give rise to Q2 and Q5 in two manners: by hydrolysis of the 
second glycosidic bond from the non-reducing end or by hydrolysis of the second 
glycosidic bond from the reducing end. This means that the value of the specificity 
constant for the cleavage of Q7 into Q2 and Q5 represents the sum of the 
specificities for these two reactions. The fingerprinting method cannot differentiate 
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these two reactions because the reducing ends of the original substrates were not 
marked in the experiments of Bonnin et al. [6].  
 
 
Fig. 2.8. Reaction scheme for the hydrolysis of oligomers of D-galacturonic acid by the 
endopolygalacturonase of Fusarium moniliforme. Key: Qn represents an oligogalacturonate with n 
units; the parameters represented by k are the specificity constants of the enzyme for each of the 
reactions. 
 
The consistency index (CI) of the data was calculated at each sampling time. 
In this case study, it expresses the recovery of the D-galacturonic acid residues 
contained in the original substrate. In the reaction carried out with Q7, there was a 
small but non-negligible amount of contaminating Q6 at zero time, such that the CI is 
given by:  
𝐶𝐼𝑚 =
7[Q7]𝑚 + 6[Q6]𝑚 + 5[Q5]𝑚 + 4[Q4]𝑚 + 3[Q3]𝑚+2[Q2]𝑚 + [Q1]𝑚
7[Q7]0 + 6[Q6]0
=
7 𝑄7𝑚 + 6 𝑄6𝑚 + 5 𝑄5𝑚 + 4 𝑄4𝑚 + 3 𝑄3𝑚 + 2 𝑄2𝑚 + 𝑄1𝑚
7 + 6 𝑄60
 
(16) 
where the subscript “m” denotes the mth sampling time, [Q6]0 is the zero-time 
concentration of the contaminating Q6, while Q60 is the relative initial concentration 
of this contaminating Q6 (normalized with respect to [Q7]0). For all experiments with 
the various initial substrates, the value of CIm fell significantly below 0.95. For 
example, it reached a value of 0.64 in the experiment done with Q7 as the initial 
substrate. 
The “relative concentration of missing residues” at each sampling time (m) 
was calculated. For the experiment done with Q7, this is given by: 








The data were corrected by applying the following equation: 







where Qn(corrected)m and Qn(experimental)m are, respectively, the corrected and the 
experimental values of the relative concentration of the oligomer with n residues at 
the mth sampling time. The number of different species present in the reaction 
mixture at the mth sampling time is given by w, so m/w residues are attributed 
equally to each of the species present at that time. The correction in the 
concentration of an oligomer is then m/w residues divided by the length, n, of the 
oligomer. The Supplementary Material shows the crude data taken from Fig. 4 of 
Bonnin et al. [6], the results of the consistency analysis (as described above in Eq. 
(16)) and the corrected values obtained by applying Eq. (18). 
Eq. (18) was applied because it ensured that the corrected values passed a 
second consistency test that required that at least two moles of products were 
formed for each mole of initial substrate consumed. It should be noted that although 
hydrolysis of the initial substrate generates only two products, if these products suffer 
further reaction, this generates more than two moles of products per mole of initial 
substrate consumed. For example, applying this second consistency test to the data 





≥ 2 (𝑄70 − 𝑄7𝑚)  (19) 
 
The fractional reaction extent in the experiment started with Q7 is given by: 
𝐹7 = 1 − (
6[Q7] + 5[Q6] + 4[Q5] + 3[Q4] + 2[Q3] + [Q2]
6[Q7]0 + 5[Q6]0
)
= 1 − (
6 𝑄7 + 5 𝑄6 + 4 𝑄5 + 3 𝑄4 + 2 𝑄3 + 𝑄2









(6 + 5 𝑄60)(𝑅7A𝑄7 + 𝑅6A𝑄6 + 𝑅5A𝑄5 + 𝑅4A𝑄4 + 𝑅3𝑄3)







(6 + 5 𝑄60)(𝑅7B𝑄7 + 𝑅6B𝑄6 + 𝑅5B𝑄5 + 2𝑅4B𝑄4 + 𝑅3𝑄3)





(6 + 5 𝑄60)(𝑅7C𝑄7 + 2𝑅6C𝑄6 + 𝑅5B𝑄5 + 𝑅4A𝑄4 − 𝑅3𝑄3)





(6 + 5 𝑄60)(𝑅7C𝑄7 + 𝑅6B𝑄6 + 𝑅5A𝑄5 − 𝑅4A𝑄4 − 𝑅4B𝑄4)





(6 + 5 𝑄60)(𝑅7B𝑄7 + 𝑅6A𝑄6 − 𝑅5A𝑄5 − 𝑅5B𝑄5)





(6 + 5 𝑄60)(𝑅7A𝑄7 − 𝑅6A𝑄6 − 𝑅6B𝑄6 − 𝑅6C𝑄6)





(6 + 5 𝑄60)(−𝑅7A𝑄7 − 𝑅7B𝑄7 − 𝑅7C𝑄7)
(𝑅7A + 𝑅7B + 𝑅7C)𝑄7 + (𝑅6A + 𝑅6B + 𝑅6C)𝑄6 + (𝑅5A + 𝑅5B)𝑄5 + (𝑅4A + 𝑅4B)𝑄4 + 𝑅3𝑄3
 (27) 
 
The R-parameters represent relative specificity constants, normalized with 
respect to k4A. By definition, R4A = 1. 
The four sets of differential equations were fitted simultaneously to the four 
corrected data sets of Bonnin et al. [6] (Fig. 2.9). The fit is quite reasonable in all 
cases. The greatest discrepancy between fitted and experimental values occurs for 
Q4 as an intermediate. However, even in this case, the model does describe the 
initial increase and later decrease of Q4, the discrepancy being that the predicted 
curve descends later than the experimental results do.  
Figure 2.10 shows the values of the relative specificity constants obtained 
from the fingerprinting analysis. Crucially, Bonnin et al. [6] concluded that the 
“Q1+Q5” cleavage of Q6 and the “Q1+Q6” cleavage of Q7 do not occur, but our 
analysis suggests that they do. Indeed, with R6A (i.e. for “Q1+Q5”) and R7A (i.e. for 
“Q1+Q6”) both fixed at 0, the model did not adjust well to the data (results not 
shown). A good fit was obtained with R6A equal to 3.1, which is 29% of the sum of the 
relative specificity constants for the three possible reactions with Q6 (R6A+R6B+R6C = 
10.8), and R7A equal to 3.5, which is 25% of the sum of the relative specificity 
constants for the three possible reactions with Q7 (R7A+R7B+R7C = 13.8). The 
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conclusion of Bonnin et al. [6] was based on a visual inspection of their reaction 
profiles. However, any visual analysis must take into account the fact that many of 
the reaction species are simultaneously being consumed by more than one reaction 
and produced by more than one reaction. It must also take into account the 
contaminants present at zero time (for hydrolysis of Q6, Q50 = 0.15, while for 
hydrolysis of Q7, Q60 = 0.04), since the hydrolysis of these contaminants produces 
products that are also produced by the hydrolysis of the main substrate. The 
advantage of the fingerprinting method is it takes the complex network of reactions 
into account in a quantitative manner and also explicitly recognizes the presence of 
contaminants at the beginning of the reaction. 
 
 
Fig. 2.9. Fitting of the model to the corrected data of Bonnin et al. [6] for the hydrolysis of oligomers of 
D-galacturonic acid by the endopolygalacturonase of Fusarium moniliforme. Bonnin et al. [6] 
performed the hydrolysis with different initial substrates, namely (a) the tetragalacturonate, (b) the 
pentagalacturonate (which was contaminated by the tetragalacturonate), (c) the hexagalacturonate 
(which was contaminated by the pentagalacturonate), and (d) the heptagalacturonate (which was 
contaminated by the hexagalacturonate). The experimental data points are represented by numbers 





Fig. 2.10. Values of relative specificities for the endopolygalacturonase of Fusarium moniliforme 
obtained from the corrected experimental data of Bonnin et al. [6]. Key: Qn represents an 
oligogalacturonate with n units; R values represent relative specificity constants normalized with 
respect to k4A; k4A is the specificity constant for the cleavage of Q4 into Q1 and Q3. 
 
 
2.4. GENERAL DISCUSSION 
 
Although various authors have attempted to determine the preferences that 
various carbohydrate-hydrolyzing enzymes have for the various reactions that they 
can catalyze in branched reaction schemes, reliable quantitative estimates of relative 
specificities are rare. There are two aspects that need to be considered in 
determining relative specificities. Firstly, the mathematical approach not only must be 
correct, but it also must be convenient to apply. Second, once the appropriate 
mathematical approach has been chosen, it must be possible to produce good 
quality experimental data and analyze it appropriately. The first aspect is discussed 
below, while guidelines for producing good quality data are provided at the end of the 
Supplementary Material. 
Approaches that have been used previously in attempts to determine the 
relative specificity of a carbohydrate-hydrolyzing enzyme for the various substrates 
and intermediates with which it can react include: (1) experiments in which various 
substrates are tested individually, with kcat (or Vmax) and KM being estimated from the 
initial rates of substrate disappearance [3-12]; (2) visual analysis of reaction profiles 
[6,8,25-30]; (3) fitting of a pseudo-first order model to time course profiles [12]; and 




Our fingerprinting analysis is more convenient than these other methods since 
all the relative specificity constants can be determined on the basis of a single, well-
characterized reaction profile. Multiple experiments with the same substrate are not 
necessary. In fact, it may not be necessary to do more than one experiment. For 
example, it would be possible to extract estimates of all the relative specificity 
constants of the endopolygalacturonase of Fusarium moniliforme from the data for 
the hydrolysis of the heptagalacturonate (i.e. from Fig. 2.9(d)). Likewise, it would be 
possible to obtain estimates of all the relative specificity constants of DispersinB from 
the data for the hydrolysis of the pentaglucosamine (i.e. Fig. 2.5(c)). On the contrary, 
the determination of kcat and KM requires various initial rate assays with several 
different initial substrate concentrations for each of the substrates [3-12]. It has the 
further disadvantage of providing only the global specificity constant for each 
substrate, not giving any information about the specificities of the various different 
reactions that are possible with each substrate. Likewise, for the bond cleavage 
frequency method, it is necessary to conduct at least one experiment for each 
different substrate and intermediate. Additionally, this method only provides 
information about the preferences of the enzyme for catalyzing different reactions 
with the same substrate; it does not provide information about the relative 
preferences of the enzyme for catalyzing reactions with different substrates.  
The fingerprinting method has a further advantage over the bond cleavage 
frequency method. The bond cleavage frequency method cannot be used when the 
enzyme is capable of processivity [17]. In contrast, as our first case study shows, the 
fingerprinting method can characterize the relative preference of an enzyme for the 
processive route, as long as this route is included in the model.  
Although the fingerprinting method has advantages over other methods that 
have been used to characterize relative specificity constants, as discussed above, it 
is limited to providing only this information. As such, it is useful for investigating how 
changes in the reaction conditions or in the enzyme itself affect the specificity of the 
enzyme. If the aim is to obtain parameters for a kinetic model, then the fingerprinting 
method can provide specificity constants, but other parameters that are necessary for 
such a model, such as KM values, inhibition constants and denaturation constants, 
must be obtained by other methods. The advantage of the fingerprinting method is 
that it removes the effects of these phenomena from the analysis [18], but this means 
that it cannot quantify these phenomena.  
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Additionally, the fingerprinting method can only be used to analyze reaction 
schemes in which all reactions are catalyzed by the same enzyme [18]. It cannot be 
applied to saccharification processes of complex polysaccharides that involve several 
different enzymes. Even if a single enzyme were to be used with a complex 
polysaccharide, the method requires that all intermediates be quantified, and this is a 
significant challenge when a highly complex mixture of intermediates is produced. It 
is usually possible to obtain adequate resolution of smaller oligosaccharides, and 
appropriate standards are often available or easy to produce. However, for larger 
oligosaccharides, quantification can be more difficult, if not impossible, since they 
may be present in low concentrations and peaks may not be adequately resolved [9]. 
Also, appropriate standards for the analytical method are unlikely to be available and 





Mathematical models are important tools for guiding the development of 
processes for the hydrolysis of polysaccharides. In order to use these mathematical 
models, it is necessary not only to have correctly formulated equations, but also to 
have good estimates of the parameters of the model. Models of the saccharification 
of polysaccharides will need to include descriptions of the later stages of the reaction, 
when the enzymes are attacking oligosaccharides, in complex, branched reaction 
schemes. The preferences of an enzyme for the various reactions that it can catalyze 
within such reaction schemes depend on the length of the oligomer and on the 
position of the bond within the oligomer. In the current work, we have demonstrated 
that the fingerprinting method of determining relative specificity constants can be 
applied to branched reaction schemes. This method is simpler to apply than methods 
that have been used to date, such as those based on the determination of initial rates 
and the bond cleavage frequency method: Estimates of all relative specificity 
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Case Study 1 
 
The first case study uses the reaction scheme proposed by Ishikawa et al. [22] 




Fig. S1. Reaction scheme for the hydrolysis of maltoheptaose by soybean β-amylase. The dashed 
arrows represent the non-processive route, while the continuous arrows represent the processive 
route. Key: G7 is maltoheptaose, G5 is maltopentaose, G3 is maltotriose and G2 is maltose; k7N, k5N 
and k7P represent the specificity constants of the enzyme for each of the reactions; r7N, r5N and r7P 
represent the rates of each of the reactions. 
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The balance equations for the initial substrate (G7), the intermediate (G5) and 
















=   𝑟7N  + 2𝑟7P + 𝑟5N 
(S1.1d) 
 
Assuming that each reaction follows Michaelis-Menten kinetics, with 
competitive inhibition not only by the other substrates present in the reaction 
medium, but also by the final products, maltotriose (G3) and maltose (G2), the rate 




























































where KM7P is the saturation constant for binding of G7 in the processive route and 
KM5N and KM7N are the saturation constants for binding of G5 and G7, respectively, in 
the non-processive route. KM2 and KM3 represent inhibition constants for G2 and G3, 
respectively. [E]T is the total concentration of the enzyme. 
Substituting Eqs (S1.2a) to (S1.2c) into the appropriate places in Eqs (S1.1a) 

























































































The next step is to transform the independent variable from time to fractional 
reaction extent. For the reaction scheme given in Figure S1, the fractional reaction 


















In other words, the derivative of the fractional reaction extent with respect to 












































This definition can be applied to each of the four species (G7, G5, G3 and G2) 
by substituting Eqs (S1.3a) to (S1.3d), in turn, into the numerator of Eq. (S1.7), and 
Eq. (S1.6) into the denominator of Eq. (S1.7). Since all these equations contain [E]T 
























𝑘7N[G7] + 2𝑘7P[G7] + 𝑘5N[G5]
𝑘7N[G7] + 2𝑘7P[G7] + 𝑘5N[G5]
=  2[G7]0 (S1.8d) 
 
It is convenient to express the concentrations of all species relative to the 
concentration of the initial substrate (in other words, as Y = [Y]/[G7]0, where Y is the 























𝑘7N𝐺7 + 2𝑘7P𝐺7 + 𝑘5N𝐺5
𝑘7N𝐺7 + 2𝑘7P𝐺7 + 𝑘5N𝐺5




Finally, it is not possible to determine the absolute values of the specificity 
constants, only their relative values. Therefore, one of the specificity constants in Eqs 
(S1.9a) to (S1.9d) must be used to divide all terms in the numerators and 
denominators on the right-hand sides of these equations. We chose to divide all 
terms by k7N, leading to R-parameters that represent relative specificity constants. 







































































=  2 (S1.10d) 
 
 
Case Study 2 
 
The second case study uses the reaction scheme proposed by Fazekas et al. 
[22], which is shown in Fig. 4 of the main article. Several experiments were 
undertaken, each with a different initial substrate. The fractional reaction extent is 
defined differently for each experiment. For the triglucosamine as the initial substrate, 
it is defined as: 
 









𝐹4 = 1 − (




Finally, for the pentaglucosamine as the initial substrate, it is defined as: 
 
𝐹5 = 1 − (
4[S5] + 3[S4] + 2[S3] + [S2]
4[S5]0
) (S2.3) 
In these equations, [Sn] is the concentration of the thiophenyl β-1,6-N-acetyl-
glucosamine oligomer with n units and [Sn]0 is the initial concentration of Sn.   
 
Reaction with the triglucosamine as the initial substrate 
 



















𝑅32𝑆3 + 2𝑅31𝑆3 + 𝑆2
 (S2.4c) 
 
where S1, S2 and S3 are the relative concentrations of the monoglucosamine, the 
diglucosamine and the triglucosamine, respectively, normalized with respect to the 
initial concentration of the triglucosamine, [S3]0. The R-parameters represent relative 
specificity constants (i.e. normalized with respect to k21, see Fig. 4 in the main 
article). 
 
Reaction with the tetraglucosamine as the initial substrate 
 














𝑅42𝑆4 + 𝑅32𝑆3 − 𝑆2





𝑅43𝑆4 − 𝑅32𝑆3 − 𝑅31𝑆3






𝑅43𝑆4 + 2𝑅42𝑆4 + 𝑅32𝑆3 + 2𝑅31𝑆3 + 𝑆2
 (S2.5d) 
 
where S1, S2, S3 and S4 are the relative concentrations of the monoglucosamine, 
the diglucosamine, the triglucosamine and the tetraglucosamine respectively, 
normalized with respect to the initial concentration of the tetraglucosamine, [S4]0. 
Again, the R-parameters represent relative specificity constants (i.e. normalized with 
respect to k21, see Fig. 4 in the main article). 
 
Reaction with the pentaglucosamine as the initial substrate 
 
The set of differential equations for the pentaglucosamine (S5) as the initial 
substrate is shown in the main article (see Eqs (11) to (15)). 
 
Evaluation of the pseudo-first order kinetic constants obtained by Fazekas et al. [12] 
 
Fazekas et al. [12] characterized the specificity of the enzyme for attacking the 
various glycosidic bonds in the various oligomers by obtaining a set of pseudo first-
order reaction constants. This was done by fitting the following set of differential 






∗ [S3] + 𝑘21




∗ [S5] + 𝑘42
∗ [S4] + 𝑘32
∗ [S3] − 𝑘21




∗ [S5] + 𝑘43
∗ [S4] − 𝑘32
∗ [S3] − 𝑘31




∗ [S5] − 𝑘43
∗ [S4] − 𝑘42






∗ [S5] − 𝑘53
∗ [S5] − 𝑘52
∗ [S5] (S2.6e) 
 
where the 𝑘xy
∗  values are the pseudo first-order constants for the reactions shown in 
Fig. 4 of the main article. 
The pseudo first-order rate constants in Eqs (S2.6a) to (S2.6e) are not actually 
constant. If the hydrolysis of an oligomer is treated as an irreversible reaction with 
one substrate, the kinetic equation for the consumption of a substrate with n residues 





























In the numerator of this equation, [E]T is the total concentration of enzyme and 
kij is the specificity constant for the reaction of a substrate with i residues to generate 
a product of j residues that has its reducing end marked with thiophenyl (Fig. 4 of the 
main article). The second term in the denominator represents all possible reactions 
that the enzyme can catalyze with the various substrates that have a thiophenyl 
group on their reducing end, where [Si] is the concentration of the oligomer of i 
residues and KMij represents the saturation constant for the reaction of an oligomer 
with i residues to generate a marked product of j residues. The third term in the 
denominator represents the binding of the marked monomer, thiophenyl β-1,6-N-
acetylglucosamine (S1) to the enzyme, where KS1 is the dissociation constant of this 
complex. The fourth term in the denominator represents the reactions that the 
enzyme can catalyze with P2 and P3, with these reaction intermediates being 
unmarked (i.e. not having thiophenyl groups on their reducing ends). Here, KPq 
represents the saturation constant for the reaction of an unmarked intermediate with 
q residues. Finally, the fifth term in the denominator represents the binding of the 
unmarked monomer, N-acetylglucosamine (P1) to the enzyme, where KP1 is the 
dissociation constant of this complex. 
The pseudo first-order constants used by Fazekas et al. [12] can therefore be 



































Due to the fact that the concentrations of the various species that appear in 
the denominator vary over time, these pseudo first-order constants will not remain 
constant over the course of the reaction, such that the fitted values obtained by 
Fazekas et al. [12] represent time-averaged values of Eq. (S2.8).  
 
 
Case Study 3 
 
The third case study uses the reaction scheme shown in Fig. 8 of the main 
article. This reaction scheme is based on that proposed by Bonnin et al. [6], but 
allows for two extra reactions, namely the removal of a monomer from the 
heptagalacturonate and the removal of a monomer from the hexagalacturonate. 
Here, oligogalacturonates are represented by “Qn”, where n represents the number 
of D-galacturonic acid residues in the oligomer. 
 
Reaction with Q4 as the initial substrate 
 
The consistency index of the data for Q4 as the initial substrate is given by: 
 
𝐶𝐼𝑚 =
4[Q4]𝑚 + 3[Q3]𝑚+2[Q2]𝑚 + [Q1]𝑚
4[Q4]0
=





where the subscript m denotes the mth sampling time. [Qn] is the concentration of an 
oligomer containing n D-galacturonic acid residues, while Qn is the corresponding 
relative concentration (i.e. normalized with respect to the initial concentration of the 
tetragalacturonate, [Q4]0).  










where Qim represents the relative concentration of the oligogalacturonate of 
length i at the mth sampling time. 
The fractional reaction extent in the experiment done with Q4 is given by: 
 
𝐹4 = 1 − (
3[Q4] + 2[Q3] + [Q2]
3[Q4]0
) = 1 − (




In this equation, [Qn] represents the concentration of an oligogalacturonate 
with n units. [Q4]0 is the initial concentration of Q4. Qn represents the relative 
concentration of an oligogalacturonate with n units (i.e. normalized with respect to the 
initial concentration of the tetragalacturonate, [Q4]0). 

























(𝑅4A + 𝑅4B)𝑄4 + 𝑅3𝑄3
 (S3.4d) 
 
In this set of equations, the R-parameters represent relative specificity 
constants, normalized with respect to k4A (see Figure 8 from the article). By definition, 
R4A = 1. 
Table S1 shows the consistency analysis and the correction of the data for the 





Consistency analysis and correction of the data for reaction with Q4 as the initial substrate 
 




Data after correction by  
Eq. (25) of the main article 
F4e Q1e Q2e Q3e Q4e CIm  100% F4c Q1c Q2c Q3c Q4c 
0.000 0.000 0.000 0.000 1.000 100.000 0.000 0.000 0.000 0.000 1.000 
0.017 0.032 0.016 0.060 0.937 99.842 0.016 0.034 0.017 0.061 0.938 
0.052 0.057 0.018 0.078 0.890 97.198 0.034 0.085 0.032 0.087 0.897 
0.089 0.091 0.027 0.112 0.827 94.756 0.055 0.143 0.054 0.129 0.841 
0.104 0.098 0.029 0.129 0.800 93.600 0.063 0.162 0.061 0.151 0.816 
0.203 0.171 0.046 0.208 0.643 86.494 0.117 0.306 0.114 0.253 0.677 
0.346 0.323 0.081 0.361 0.386 77.811 0.204 0.545 0.192 0.435 0.441 
0.474 0.431 0.122 0.475 0.169 69.402 0.278 0.737 0.275 0.577 0.246 
0.537 0.511 0.155 0.511 0.071 65.900 0.319 0.852 0.325 0.625 0.156 
 
 
Reaction with Q5 as the initial substrate 
 
 The consistency index of the data for Q5 as the initial substrate is given by: 
 
𝐶𝐼𝑚 =
5[Q5]𝑚 + 4[Q4]𝑚 + 3[Q3]𝑚+2[Q2]𝑚 + [Q1]𝑚
5[Q5]0 + 4[Q4]0
=
5 𝑄5𝑚 + 4 𝑄4𝑚 + 3 𝑄3𝑚 + 2 𝑄2𝑚 + 𝑄1𝑚




where the subscript m denotes the mth sampling time. [Qn] is the concentration of an 
oligomer containing n D-galacturonic acid residues, while Qn is the corresponding 
relative concentration (i.e. normalized with respect to the initial concentration of the 
pentagalacturonate, [Q5]0). [Q4]0 is the initial concentration of the contaminating Q4, 
while Q40 is its relative concentration. 
The concentration of missing residues for the experiment done with Q5 is 
given by: 
 




where Qim represents the relative concentration of the oligogalacturonate of length i 
at the mth sampling time.  
 




𝐹5 = 1 − (
4[Q5] + 3[Q4] + 2[Q3] + [Q2]
4[Q5]0 + 3[Q4]0
)
= 1 − (
4 𝑄5 + 3 𝑄4 + 2 𝑄3 + 𝑄2




In this equation, [Qn] represents the concentration of an oligogalacturonate 
with n units. [Q5]0 and [Q4]0 are the initial concentrations of Q5 and the 
contaminating Q4, respectively. Qn represents the relative concentration of an 
oligogalacturonate with n units (i.e. normalized with respect to the initial 
concentration of the pentagalacturonate, [Q5]0). Q40 is the initial relative 
concentration of the contaminating Q4. 






(4 + 3 𝑄40)(𝑅5A𝑄5 + 𝑅4A𝑄4 + 𝑅3𝑄3)





(4 + 3 𝑄40)(𝑅5B𝑄5 + 2𝑅4B𝑄4 + 𝑅3𝑄3)





(4 + 3 𝑄40)(𝑅5B𝑄5 + 𝑅4A𝑄4 − 𝑅3𝑄3)





(4 + 3 𝑄40)(𝑅5A𝑄5 − 𝑅4A𝑄4 − 𝑅4B𝑄4)





(4 + 3 𝑄40)(−𝑅5A𝑄5 − 𝑅5B𝑄5)
(𝑅5A + 𝑅5B)𝑄5 + (𝑅4A + 𝑅4B)𝑄4 + 𝑅3𝑄3
 (S3.8e) 
 
 In this set of equations, the R-parameters represent relative specificity 
constants, normalized with respect to k4A (see Figure 8 from the article). By definition, 
R4A = 1. 
Table S2 shows the consistency analysis while Table S3 shows the correction 





Consistency analysis of the data for reaction with Q5 as initial substrate 
 
Experimental data from Bonnin et al. [6] Consistency index 
F5e Q1e Q2e Q3e Q4e Q5e CIm  100% 
0.000 0.000 0.000 0.000 0.075 1.000 100.000 
0.156 0.048 0.061 0.072 0.127 0.745 87.127 
0.267 0.129 0.145 0.184 0.193 0.501 80.169 
0.275 0.183 0.215 0.296 0.246 0.380 82.687 
0.314 0.226 0.270 0.363 0.292 0.256 81.207 
0.490 0.417 0.392 0.594 0.122 0.053 70.408 
0.516 0.494 0.455 0.624 0.030 0.064 70.042 
 
Table S3 
Correction of the data for reaction with Q5 as initial substrate 
 
Data after correction by Eq. (25) of the main article 
F5c Q1c Q2c Q3c Q4c Q5c 
0.000 0.000 0.000 0.000 0.075 1.000 
0.068 0.185 0.129 0.117 0.161 0.772 
0.132 0.339 0.250 0.255 0.246 0.543 
0.157 0.367 0.307 0.357 0.292 0.416 
0.186 0.425 0.370 0.430 0.342 0.296 
0.288 0.730 0.549 0.698 0.201 0.115 
0.311 0.812 0.613 0.730 0.109 0.127 
 
 
Reaction with Q6 as the initial substrate 
 
 The consistency index of the data for Q6 as the initial substrate is given by: 
 
𝐶𝐼𝑚 =
6[Q6]𝑚 + 5[Q5]𝑚 + 4[Q4]𝑚 + 3[Q3]𝑚+2[Q2]𝑚 + [Q1]𝑚
6[Q6]0 + 5[Q5]0
=
6 𝑄6𝑚 + 5 𝑄5𝑚 + 4 𝑄4𝑚 + 3 𝑄3𝑚 + 2 𝑄2𝑚 + 𝑄1𝑚




where the subscript m denotes the mth sampling time. [Qn] is the concentration of an 
oligomer containing n D-galacturonic acid residues, while Qn is the corresponding 
relative concentration (i.e. normalized with respect to the initial concentration of the 
hexagalacturonate, [Q6]0). [Q5]0 is the initial concentration of the contaminating Q5, 
while Q50 is its relative concentration. 
 









where Qim represents the relative concentration of the oligogalacturonate of length i 
at the mth sampling time. 
 
The fractional reaction extent in the experiment with Q6 is given by: 
 
𝐹6 = 1 − (
5[Q6] + 4[Q5] + 3[Q4] + 2[Q3] + [Q2]
5[Q6]0 + 4[Q5]0
)
= 1 − (
5 𝑄6 + 4 𝑄5 + 3 𝑄4 + 2 𝑄3 + 𝑄2




In this equation, [Qn] represents the concentration of an oligogalacturonate 
with n units. [Q6]0 and [Q5]0 are the initial concentrations of Q6 and the 
contaminating Q5, respectively. Qn represents the relative concentration of an 
oligogalacturonate with n units (i.e. normalized with respect to the initial 
concentration of the hexagalacturonate, [Q6]0). Q50 is the initial relative concentration 
of the contaminating Q5. 






(5 + 4 𝑄50)(𝑅6A𝑄6 + 𝑅5A𝑄5 + 𝑅4A𝑄4 + 𝑅3𝑄3)





(5 + 4 𝑄50)(𝑅6B𝑄6 + 𝑅5B𝑄5 + 2𝑅4B𝑄4 + 𝑅3𝑄3)





(5 + 4 𝑄50)(2𝑅6C𝑄6 + 𝑅5B𝑄5 + 𝑅4A𝑄4 − 𝑅3𝑄3)





(5 + 4 𝑄50)(𝑅6B𝑄6 + 𝑅5A𝑄5 − 𝑅4A𝑄4 − 𝑅4B𝑄4)





(5 + 4 𝑄50)(𝑅6A𝑄6 − 𝑅5A𝑄5 − 𝑅5B𝑄5)





(5 + 4 𝑄50)(−𝑅6A𝑄6 − 𝑅6B𝑄6 − 𝑅6C𝑄6)




In this set of equations, the R-parameters represent relative specificity 
constants, normalized with respect to k4A (see Figure 8 from the article). By definition, 
R4A = 1. 
Table S4 shows the consistency analysis while Table S5 shows the correction 
of the data for the reaction undertaken with Q6 as the initial substrate. 
 
Table S4 
Consistency analysis of the data for reaction with Q6 as initial substrate 
 
Experimental data from Bonnin et al. [6] Consistency index 
F6e Q1e Q2e Q3e Q4e Q5e Q6e CIm  100% 
0.000 0.000 0.000 0.000 0.000 0.150 1.000 100.000 
0.206 0.191 0.289 0.281 0.362 0.152 0.380 90.394 
0.263 0.239 0.353 0.343 0.451 0.147 0.230 87.290 
0.312 0.325 0.454 0.481 0.483 0.120 0.101 86.138 
0.312 0.351 0.509 0.565 0.507 0.098 0.060 88.012 
0.425 0.577 0.639 0.832 0.297 0.004 0.002 82.537 
0.487 0.813 0.773 0.958 0.051 0.005 0.003 81.140 
 
Table S5 
Correction of the data for reaction with Q6 as initial substrate 
 
Data after correction by Eq. (25) of the main article 
F6c Q1c Q2c Q3c Q4c Q5c Q6c 
0.000 0.000 0.000 0.000 0.000 0.150 1.000 
0.138 0.299 0.343 0.317 0.389 0.174 0.398 
0.172 0.382 0.425 0.391 0.487 0.175 0.253 
0.214 0.481 0.532 0.533 0.522 0.151 0.127 
0.227 0.486 0.576 0.610 0.541 0.125 0.082 
0.300 0.773 0.737 0.897 0.346 0.043 0.035 
0.352 1.025 0.879 1.029 0.104 0.047 0.038 
 
 
Reaction with Q7 as the initial substrate 
 
The equations for the reaction undertaken with Q7 as the initial substrate are 
in the main article, where Eq. (23) gives the consistency index, Eq. (27) gives the 
fractional reaction extent and Eqs (28) to (34) represent the final set of differential 
equations. Table S6 shows the consistency analysis while Table S7 shows the 






Analysis of the consistency of the data for reaction with Q7 as initial substrate 
 
Experimental data from Bonnin et al. [6] Consistency index 
F7e Q1e Q2e Q3e Q4e Q5e Q6e Q7e CIm  100% 
0.000 0.000 0.000 0.000 0.000 0.000 0.044 1.002 100.000 
0.037 0.027 0.052 0.052 0.084 0.059 0.057 0.840 98.357 
0.100 0.069 0.109 0.109 0.180 0.132 0.062 0.646 94.859 
0.149 0.096 0.165 0.142 0.205 0.165 0.066 0.538 91.618 
0.274 0.179 0.257 0.246 0.335 0.190 0.066 0.276 83.325 
0.429 0.365 0.453 0.482 0.531 0.089 0.002 0.028 75.620 
0.553 0.519 0.533 0.636 0.298 0.015 0.001 0.001 65.768 
0.592 0.626 0.580 0.740 0.136 0.013 0.001 0.001 63.749 
 
Table S7 
Correction of the data for reaction with Q7 as initial substrate 
 
Data after correction by Eq. (25) of the main article 
F7c Q1c Q2c Q3c Q4c Q5c Q6c Q7c 
0.000 0.000 0.000 0.000 0.000 0.000 0.040 1.000 
0.027 0.041 0.059 0.056 0.087 0.062 0.060 0.842 
0.064 0.119 0.134 0.126 0.192 0.142 0.070 0.654 
0.089 0.180 0.207 0.170 0.226 0.181 0.080 0.550 
0.153 0.349 0.342 0.302 0.377 0.224 0.095 0.300 
0.251 0.615 0.578 0.565 0.593 0.139 0.043 0.064 
0.303 0.871 0.709 0.753 0.386 0.085 0.060 0.052 
0.326 0.999 0.767 0.864 0.230 0.087 0.063 0.054 
 
 
Guidelines for using the fingerprinting method to determine relative 
specificities 
 
Below we provide some guidelines about obtaining and processing data for 
the fingerprinting method. 
Firstly, for any particular reaction scheme, it is important to measure the 
substrate and all intermediates and final products. This should be done over a wide 
range of fractional reaction extents. In other words, the profile should characterize 
the reaction essentially to completion. Additionally, even though it may be possible to 
obtain estimates of all relative specificities from a single experiment with the longest 
oligomer, it is desirable to obtain various profiles, starting with oligosaccharides of 
different lengths, as Bonnin et al. [6] and Fazekas et al. [12] did, as this maximizes 
the information available for the determination of the specificities. 
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Secondly, the data should be checked carefully for consistency. In other 
words, at any particular sampling time, the sum of the residues in the remaining 
substrate and those in the various intermediates and products should be calculated. 
This sum should be within 5% of the original number of residues contained in the 
substrate. If it is not, then the analytical methodology needs to be improved. In fact, 
producing consistent data can be quite challenging, especially when a large number 
of intermediates need to be determined in branched reaction schemes. Standards for 
all these intermediates may not be commercially available, and it may be necessary 
for researchers to produce and purify their own standards. Similarity in structure 
between intermediates may make it a challenge to obtain adequate resolution of 
peaks in the analytical method. 
Thirdly, the data should be obtained with “reducing end marking”. This will 
make it possible to distinguish between two different reactions with the same 
substrate that give the same products. For example, an endoenzyme may be able to 
hydrolyze a pentasaccharide in both the “3+2” mode and the “2+3” mode, with 
different specificities for these two reactions. In our analysis of the data of Bonnin et 
al. [6], it was not possible to make such a distinction as the original substrates were 
not marked. Ideally, the marking of the reducing end should be done in such a 
manner that it does not affect the reaction. For example, if possible, the reducing end 
residue should be marked with an isotope that is either radioactive or detectable by 
NMR. Although it may be convenient to carry out a reaction with a reactant that 
reacts specifically with the reducing end, such as Fazekas et al. [12] did, the 
presence of a substituent group on the reducing end could conceivably affect the 
interaction between the oligosaccharide and the active site of the enzyme. 
Fourthly, once a data set of acceptable consistency is available, the analysis 
should be performed for all the available profiles simultaneously, as we did with the 
data of Bonnin et al. [6] and Fazekas et al. [12]. During this analysis, the “sum of 
squares of shortest distances” should be used instead of the “sum of squares of 
vertical residuals” as the objective function in the fitting, due to the fact that any error 
in the relative concentrations that are plotted on the ordinate also appears in the 
fractional reaction extent that is plotted on the abscissa.  
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CAPÍTULO 3 - STOCHASTIC MODELS BASED ON THE MONTE CARLO 
METHOD FOR THE HYDROLYSIS OF OLIGOGALACTURONATES AND 
POLYGALACTURONATES BY ENDOPOLYGALACTURONASES AND 
EXOPOLYGALACTURONASES 
 
Este capítulo é uma reprodução do artigo intitulado “Stochastic models based on the 
Monte Carlo method for the hydrolysis of oligogalacturonates and polygalacturonates 
by endopolygalacturonases and exopolygalacturonases” publicado em 06 de Abril de 
2017 por Chemical Engineering Journal (volume 322, p 417-427; doi: 
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There has been a surge of interest in the establishment of citrus waste biorefineries. 
One strategy in such biorefineries would be to extract pectin and saccharify it 
enzymatically to produce D-galacturonic acid, which has potential as a platform 
chemical for the production of compounds of commercial interest, such as meso-
galactaric acid and L-galactonic acid. A mathematical model of the hydrolysis of 
pectic substrates by the pool of enzymes present in pectinase preparations would be 
a useful tool for guiding the design and optimization of the saccharification process. 
Current deterministic models of this process are highly simplified and, as a result, are 
not useful tools. In the current manuscript, we develop stochastic models, based on 
the Monte Carlo method, to describe the action of two important enzymes found 
within pectinase preparations, namely endopolygalacturonases and 
exopolygalacturonases. Our work represents a first step towards the development of 
a complete model that integrates the action of the various enzymes present in 
pectinase preparations. 
 
Keywords: citrus waste biorefineries; pectinases; mathematical model; pectin; 





Over the past decade, there has been increasing interest in establishing 
biorefineries for processing citrus waste into a range of products, including D-
limonene, biogas, ethanol and pectin [1-6]. However, the production of pectin as a 
final product is not particularly interesting: the market for pectin as a food additive is 
limited, and the amount of pectin that could be extracted from the citrus pulp 
produced by the orange juice industry would be an order of magnitude greater than 
this market [7]. It would be better to hydrolyze the pectin to D-galacturonic acid, 
which could be a platform chemical with the potential to produce several products of 
commercial interest, such as meso-galactaric acid (also known as mucic acid) and L-
galactonic acid [1]. 
The best strategy for hydrolyzing pectin is to use enzymatic hydrolysis, rather 
than acid hydrolysis: the pectin backbone is relatively resistant to acid hydrolysis and 
therefore requires severe hydrolysis conditions (relatively high temperatures, acid 
concentrations and processing times). These conditions lead to degradation of a 
significant part of the D-galacturonic acid that is released [8]. 
The enzymatic saccharification of pectic substrates is a complex process 
catalyzed by a pool of enzymes with different activities [9]. A mathematical model of 
the hydrolysis of pectic substrates by this pool of enzymes would be a useful tool for 
guiding the design and optimization of the saccharification process. Existing 
mathematical models of this process that are based on deterministic differential 
equations derived from classical enzyme kinetics are highly simplified. The model of 
Todisco et al. [10] deals with the hydrolysis of polygalacturonic acid by an 
endopolygalacturonase. In order to simplify the modeling task, the oligomers 
produced during the hydrolysis of the heterogeneous substrate S (150,000-50,000 
Da), were divided into three fractions: A (50,000-10,000 Da), B (10,000-2,000 Da) 
and C (2,000-212 Da). Since the model deals only with the endopolygalacturonase, it 
is not able to describe the complete saccharification of the polygalacturonic acid. Two 
other models do consider the saccharification of pectin to D-galacturonic acid [11,12]. 
However, they treat the complex mixture of enzymes as though it were a single 
“apparent enzyme” that produces D-galacturonic acid directly from pectin. 
It is not surprising that deterministic models describing the saccharification of 
pectic substrates are highly simplified: any attempt to describe the complex reaction 
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schemes arising from the hydrolysis of polymeric substrates like pectin and 
polygalacturonic acid by a mixture of enzymes would lead to a very large number of 
differential equations, with each differential equation having a very large number of 
terms. In such situations, an alternative is to use the Monte Carlo method, which is a 
stochastic modeling method that advances iteratively. When applied to enzyme-
catalyzed reactions, probabilities are assigned to the various actions that are 
available to the enzyme; then, in each iteration, random numbers are generated and 
used to decide which of the actions will be executed by the enzyme in that iteration. 
In fact, stochastic models based on the Monte Carlo method are particularly 
appropriate for modeling the hydrolysis of polysaccharides. Kumar and Murthy point 
out various advantages [13]. It is easy to represent complex substrates, for example, 
with distributions in chain lengths. Changes that might occur during the hydrolysis of 
insoluble substrates can be described, such as changes in the exposure of chain 
ends or changes in the degree of crystallinity. It is also possible to predict the 
populations of individual intermediates and use these populations to calculate 
properties such as average degree of hydrolysis. It is even possible to describe 
changes in the characteristics of the enzyme during the process, if appropriate.  
Stochastic models based on the Monte Carlo method have already been 
applied to the hydrolysis of amylose [14], malto-oligomers [15,16] and of starch itself 
[17,18]. In fact, stochastic models have also been used to describe the hydrolysis of 
oligomers of D-galacturonic acid [19,20], but in these models the probabilities were 
expressed on the basis of so-called “bond cleavage frequencies”, which do not 
contain information about the specificity of the enzyme for different substrates.  
In the current work, we developed stochastic models, based on the Monte 
Carlo method, for the hydrolysis of oligogalacturonates and polygalacturonic acid by 
an endopolygalacturonase and for the hydrolysis of polygalacturonic acid by an 
exopolygalacturonase. Each model uses the set of relative specificity constants that 
the corresponding enzyme has for all reactions that it can carry out with all 
substrates. The model for the endopolygalacturonase was calibrated with the 
experimental data of Bonnin et al. [21] for the hydrolysis of oligomers containing up to 
seven D-galacturonic acid units.  
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3.2. MATHEMATICAL METHODS  
 
3.2.1. Reaction schemes and assumptions 
 
We developed a stochastic modeling approach based on the Monte Carlo 
method and used it in three case studies: (1) hydrolysis of oligogalacturonates by an 
endopolygalacturonase; (2) hydrolysis of polygalacturonic acid by an 
endopolygalacturonase; and (3) hydrolysis of polygalacturonic acid by an 
exopolygalacturonase. In the text, the oligogalacturonates and polygalacturonates 
are represented by “Qn”, where n represents the number of D-galacturonic acid units 
in the molecule. 
In the case of endopolygalacturonases, more than one mode of attack on a 
substrate can generate the same two products. For example, attack on the pth 
glycosidic bond from the non-reducing end of a molecule Qn would generate the 
products Qp (originating from the non-reducing end of the original molecule) and 
Q(n-p) (originating from the reducing end of the original molecule). Likewise, attack 
on the pth glycosidic bond from the reducing end of a molecule Qn would generate 
the products Q(n-p) (originating from the non-reducing end of the original molecule) 
and Qp (originating from the reducing end of the original molecule). These reactions 
are not described individually, but rather lumped together. In other words, the 
reactions are defined not by which bond is attacked, but rather by the particular set of 
products that are produced.  
The model does not advance in time, rather it advances in steps of “fractional 
reaction extent” (sometimes referred to as “degree of reaction” or “degree of 
hydrolysis”). In the hydrolysis of oligomers and polymers of D-galacturonic acid, the 
fractional reaction extent at any point during the saccharification process is equal to 
the number of glycosidic bonds between D-galacturonic acid units that have been 
hydrolyzed during the process up to that point divided by the total number of 
hydrolysable glycosidic bonds that were present in the reaction mixture at zero time.  
Phenomena that do not lead to hydrolysis of glycosidic bonds do not 
contribute to an increase in the fractional reaction extent and can therefore be 
ignored. As a result, it is not necessary to describe phenomena such as some of the 
enzyme molecules being in the form of free enzyme, which occurs when the 
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substrate concentration is not saturating, or inhibition by the final products. Likewise, 
it is not necessary to describe denaturation of the enzyme. In other words, it is only 
necessary to describe the reactions that lead to hydrolysis [22]. 
 
 
3.2.2. Deduction of reaction probabilities  
 
The deduction considers a single enzyme that can attack several different 
oligomers, where Qa is the smallest oligomer that can suffer attack and Qz is the 
oligomer present in the original reaction medium (i.e. the longest oligomer considered 
in the particular simulation). Each substrate can be attacked in several different ways 
to yield different product combinations: mi represents the number of different product 
combinations that the enzyme can potentially produce from substrate Qi. 
The rate of the xth reaction of interest (rx) in a reaction mixture containing 
various attackable substrates is given by [22]: 
𝑟𝑥 =
 𝑘𝑥[𝐸]𝑇[𝑄𝑥]











where [E]T is the total concentration of enzyme in the system (i.e. free and 
complexed), KMij is the saturation constant for the jth possible reaction with the ith 
attackable substrate, kx is the specificity constant for the xth reaction of interest (i.e. 
kcatx/KMx) and D represents the denominator. 
Since the denominator (D) and [E]T are common in the reaction rate 
expressions that can be written for all possible reactions that the enzyme can carry 
out, it follows that Vx, which is defined as the rate of the xth reaction of interest as a 
fraction of the overall rate of reaction (i.e. the sum of the rates of all possible 














where rij and kij are the reaction rate and the specificity constant, respectively, 
associated with the jth possible reaction that the enzyme can catalyze with the ith 
attackable substrate.  
In a model that advances in steps of fractional reaction extent, every step 
results in a reaction. In this case, it can be deduced from Eq. (2) that the probability 
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of the xth reaction of interest occurring in a particular step (denoted by Px), in a 
mixture containing different numbers of molecules of the various attackable 
substrates, is given by:  
𝑃𝑥 =
𝑁x 𝑅𝑥






where the symbol R indicates a relative specificity constant, which is calculated as 
the specificity constant for the reaction that is indicated by the subscript divided by 
the specificity constant for the particular reaction that is chosen to be the basis for 
normalizing all the others. The numerator represents the specific attack of interest 
(i.e. the production of a specific set of products from attack on the substrate of 
interest), where Nx is the number of molecules of the substrate of interest and Rx is 
the relative specificity constant of the enzyme for the particular attack of interest on 
that substrate. The denominator represents all possible attacks on all possible 
molecules: NQi is the number of molecules of substrate Qi and Rij is the relative 
specificity constant of the enzyme for the jth possible reaction that it can carry out 
with substrate Qi. The sum of the probabilities of all possible reactions that the 
enzyme can carry out with all the attackable substrates is equal to 1. 
 
 
3.2.3. Case Study 1: hydrolysis of oligogalacturonates by an endopolygalacturonase 
 
The first case study involves a branched reaction scheme for the hydrolysis of 
D-galacturonic acid oligomers (Fig. 3.1). In this reaction scheme, the digalacturonate 
(Q2) cannot be hydrolyzed and is therefore a final reaction product, along with D-
galacturonic acid itself (Q1). This reaction scheme is based on a scheme that Bonnin 
et al. [21] proposed for the hydrolysis of oligogalacturonates by an 
endopolygalacturonase from Fusarium moniliforme. It should be noted that their 
scheme did not include the reactions represented by R7A and R6A, which correspond 
to the removal of a single D-galacturonic acid unit from the heptagalacturonate (Q7) 
and from the hexagalacturonate (Q6), respectively. However, Pereira et al. [23] were 
only able to fit their deterministic model to the experimental reaction profiles of 
Bonnin et al. [21] when they included these two reactions in their model, so these 




Fig. 3.1. Reaction scheme for the hydrolysis of D-galacturonic acid oligomers by the 
endopolygalacturonase of Fusarium moniliforme. Key: Qn represents an oligogalacturonate with n 
units; R values represent the relative specificity constants determined by Pereira et al. [17] by fitting 
their deterministic model to the experimental data of Bonnin et al. [16]. The relative specificity 
constants are expressed relative to k4A, where k4A is the specificity constant for the cleavage of Q4 into 
Q1 and Q3. Reproduced from Pereira et al. [17].  
 
The fitting done by Pereira et al. [23] gave the set of relative specificity 
constants that the enzyme has for the various reactions that it can catalyze with the 
various oligogalacturonates, up to the heptagalacturonate, as indicated in Fig. 3.1. 
Since Bonnin et al. [21] did not mark the reducing ends of the initial substrates, it is 
impossible to distinguish between two different attacks on the same substrate that 
generate the same two products. Therefore reactions that generate the same 
products are represented as a single “lumped” reaction in the model, as described in 
Section 3.2.1. 
When all of the oligogalacturonates up to the heptagalacturonate are present 
in the reaction medium, the probability of the enzyme attacking a substrate of length 
n (i.e. Qn) in the kth possible manner (Pnk) is given by: 
𝑃𝑛𝑘 =
𝑁Q𝑛 𝑅𝑛𝑘
𝑁Q7(𝑅7A + 𝑅7B + 𝑅7C) + 𝑁Q6(𝑅6A + 𝑅6B + 𝑅6C) + 𝑁Q5(𝑅5A + 𝑅5B) + 𝑁Q4(𝑅4A + 𝑅4B) + 𝑁Q3 𝑅3
 (4) 
The R-parameters are the relative specificity constants of the enzyme for the 
reactions described in Fig. 3.1. They are expressed relative to the specificity constant 




3.2.4. Case Study 2: hydrolysis of polygalacturonic acid by an 
endopolygalacturonase 
 
In the second case study, the same considerations as those used in Case 
Study 1 (Section 3.2.3) are applied to the hydrolysis, by an endopolygalacturonase, 
of a linear polygalacturonic acid molecule that originally contains 200 D-galacturonic 
acid units. The reaction scheme will not be shown; for oligomers up to 7 units, Fig. 
3.1 applies. For oligomers of 8 units up to the polymer of 200 units, it is assumed that 
all bonds are susceptible to hydrolysis. Since different attacks by the enzyme that 
generate the same products are treated as a single reaction, the 199 glycosidic 
bonds in the original substrate of 200 D-galacturonic acid units can be represented 
by 100 “lumped” reactions.  
In this case, the probability of the enzyme attacking a substrate of length n (i.e. 





𝑖=1 + 𝑁Q199 ∑ 𝑅199i
99
𝑖=1 +⋯+ 𝑁Q5 ∑ 𝑅5i
2
𝑖=1 + 𝑁Q4 ∑ 𝑅4i
2
𝑖=1 + 𝑁Q3 𝑅3
 (5) 
where NQn represents the number of molecules of an oligogalacturonate or 
polygalacturonate with n units. The R-parameters are the relative specificity 
constants of the enzyme for each of the possible lumped reactions. They are 
expressed relative to the specificity constant for reaction 4A in Fig. 3.1, such that, by 
definition, R4A = 1.0. 
In this case study, the relative specificity constants given in Fig. 3.1 were used 
for the various reactions that the endopolygalacturonase can catalyze with the 
oligogalacturonates containing 3-7 units. The relative specificity constants for the 
reactions with the other substrates, from Q8 to Q200, were obtained from the 
specificity constant of 650 mL s-1 mg-1 that Bonnin et al. [21] determined 
experimentally for the attack of the endopolygalacturonase of Fusarium moniliforme 
on polygalacturonic acid. This was converted to a value of 22908 s-1 mM-1, assuming 
a polymer of 200 D-galacturonic acid units. This value is 59.7-fold higher than the 
global specificity constant of 384 s-1 mM-1 that Bonnin et al. [21] obtained 
experimentally for the tetragalacturonate (Q4). Since the global specificity constant 
for a substrate is the sum of the specificity constants for the various reactions that the 
enzyme can carry out with that substrate, and since R4A is 1.0 and R4B is 0.2, the 
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global relative specificity constant for Q200 was calculated as 71. This relative 
specificity constant was also applied to Q8 to Q199. The relative specificity constants 
for the k individual reactions that the enzyme is capable of carrying out with each 




  (for n = 8 to 200) (6) 
 
3.2.5. Case Study 3: hydrolysis of polygalacturonic acid by an exopolygalacturonase 
 
The third case study considers the attack of an exopolygalacturonase on a 
linear polygalacturonic acid molecule that originally contains 200 D-galacturonic acid 
units. The reaction scheme is based on the mode of action proposed by Kluskens et 
al. [24] for an exopolygalacturonase from the hyperthermophilic bacterium 
Thermotoga maritima: This exopolygalacturonase removes a D-galacturonic unit from 
the non-reducing end of the molecule. In other words, the exopolygalacturonase can 
only catalyze a single reaction with each substrate, with the products being D-
galacturonic acid and a polymer/oligomer containing one fewer D-galacturonic acid 
units than the substrate that was attacked (Fig. 3.2).  
 
 
Fig. 3.2. Reaction scheme for the hydrolysis of polygalacturonic acid by the exopolygalacturonase of 
Thermotoga marítima. Key: Qn represents a polymer or oligomer with n D-galacturonic acid units; R 
values represent relative specificity constants obtained from the experimental data of Kluskens et al. 
[18]. The relative specificity constants were normalized with respect to k2, where k2 is the specificity 
constant for the cleavage of Q2. 
 
In this case, the probability of the enzyme attacking a substrate of length n (Pn) 
is given by:  
𝑃𝑛 =
𝑁Q𝑛 𝑅𝑛
𝑁Q200 𝑅200 + 𝑁Q199 𝑅199 +⋯+ 𝑁Q3𝑅3 + 𝑁Q2 𝑅2
 (7) 
 
The R-parameters are the relative specificity constants of the enzyme for 
removing a D-galacturonic acid from the non-reducing end of the molecules indicated 
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by the subscripts. They are expressed relative to the specificity constant for the 
reaction with Q2 in Fig. 3.2, such that, by definition, R2 = 1.0.  
Since there is only one reaction possible with each substrate, there is only one 
specificity constant for each substrate. The values of the relative specificity constants 
for the oligogalacturonates from Q2 to Q8 were based on the values obtained 
experimentally by Kluskens et al. [24] for the exopolygalacturonase of Thermotoga 
marítima. Their value obtained experimentally for polygalacturonic acid was assumed 




3.2.6. Algorithm of the stochastic model based on the Monte Carlo method  
 
The algorithm used in the simulations of the hydrolysis of oligogalacturonates 
and polygalacturonates using the stochastic model is shown in Fig. 3.3. The 
simulation was undertaken using a program written in MATLAB®.  
In each iteration i, the appropriate equation is used to calculate the set of 
probabilities for the particular set of substrates that is present in the reaction mixture 
at the start of that iteration: Eq. (4) for Case Study 1, Eq. (5) for Case Study 2 and 
Eq. (7) for Case Study 3. In each case study, the simulation involved one enzyme 
molecule (i.e. NE =1) and started with 10
5 molecules of the initial substrate of length z 
(i.e. NQz0 = 10
5). 
The results of each simulation are normalized relative to the initial number of 
molecules of the original substrate (NQz0), which is a molecule of length z. For an 
oligomer or polymer of length #, its normalized value is represented by Q# (i.e. 






Each iteration of the model advances the reaction by hydrolyzing one 
glycosidic bond. Therefore, each iteration causes an increase of the fractional 
reaction extent (this increase is represented by F) by:  
F = 1/NB0  (9) 
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where NB0 represents the number of hydrolysable glycosidic bonds present in the 
initial reaction mixture. 
 
 
Fig. 3.3. Flowchart of the algorithm for simulating the enzymatic hydrolysis of oligo- and 





3.3. RESULTS  
 
3.3.1. Case Study 1: hydrolysis of oligogalacturonates by an endopolygalacturonase  
 
Figure 3.4 shows the profiles predicted for the hydrolysis, by an 
endopolygalacturonase, of the various oligomers that were studied by Bonnin et al. 
[21], namely the tetragalacturonate (Q4), the pentagalacturonate (Q5), the 
hexagalacturonate (Q6) and the heptagalacturonate (Q7). As pointed out by Ishikawa 
et al. [16], these graphs represent “action patterns” that are characteristic of the 
enzyme itself and are independent of the original concentration of substrate and the 
concentration of enzyme used. These curves are very similar to those of the 
deterministic model of Pereira et al. [23], which, in turn, describes the experimental 
data of Bonnin et al. [21] well. The high similarity of the predictions is not surprising, 
since the relative values of the specificity constants that were used in the stochastic 
model of the current work are those that were determined by Pereira et al. [23] by 
adjusting their deterministic model to the data of Bonnin et al. [21]. Although the 
Monte Carlo method is a stochastic method and could potentially give profiles with 
significant “noise”, the profiles in Fig. 3.4 are smooth due to the large ratio of initial 
substrate molecules to enzyme molecules (105:1). 
 
 
3.3.2. Case Study 2: hydrolysis of polygalacturonic acid by an 
endopolygalacturonase  
 
The stochastic model developed in the first case study was expanded to 
describe the hydrolysis of a polygalacturonic acid molecule containing 200 units. As 
described in Section 3.2.4, the relative specificity constants determined by Pereira et 
al. [23] were used for the reactions with the oligomers from 3 to 7 units while the 
relative specificity constants for the reactions with oligomers from 8 to 200 units were 





Fig. 3.4. Profiles predicted by the stochastic model for the initial substrate, intermediates and end 
products during the hydrolysis of oligogalacturonates by an endopolygalacturonase. The hydrolysis 
was simulated with different initial substrates studied by Bonnin et al. [21], namely (a) the 
tetragalacturonate, (b) the pentagalacturonate, (c) the hexagalacturonate, and (d) the 
heptagalacturonate. Normalized values were calculated using Eq. (8). 
 
The simulation suggests that the initial substrate (Q200) is essentially 
exhausted by the time that the fractional reaction extent (denoted by F) reaches 0.1 
(Fig. 3.5a). The intermediates of the hydrolysis, from Q11 to Q199, were grouped into 
four fractions (“Q11-20” “Q21-50”, “Q51-100” and “Q101-199”) for plotting purposes. 
Each of these fractions rises to a peak and then falls: the peak increases in height 
and occurs at greater values of F as the degree of polymerization of the molecules in 
the fraction gets smaller. The biggest intermediates (Q101-199) reach a peak at F  
0.01, disappearing by F  0.2. Interestingly, the latter value corresponds to the 
fractional reaction extent at which Biz et al. [9] noted a significant deceleration during 
the hydrolysis of pectic substrates by various commercial and noncommercial 
pectinase preparations. The fraction Q51-100 essentially disappears by F = 0.3, the 
fraction Q21-50 essentially disappears by F = 0.34 and the fraction Q11-20 




Fig. 3.5. Profiles predicted by the stochastic model for the hydrolysis of polygalacturonic acid 
containing 200 D-galacturonic units by an endopolygalacturonase. (a) Lumped profiles for various 
fractions, where each fraction represents the sum of molecules over the range of degrees of 
polymerization indicated by the symbol Qn1-n2. (b) Profiles for the smaller oligomers. The symbol Qn 
represents a molecule containing n D-galacturonic acid units. Normalized values were calculated 




Fig. 3.5(b) shows the simulated profiles for the fraction Q8-10 and the 
oligomers Q1 to Q7. These profiles are qualitatively similar to those obtained 
experimentally by Bonnin et al. [21] during the hydrolysis of polygalacturonic acid by 
the endopolygalacturonase of Fusarium moniliforme. The pattern is similar to that 
seen with the larger fractions: the lower the degree of polymerization, the higher the 
peak and the greater the value of F at which it occurs, with exhaustion also occurring 
later. As Q1 and Q2 cannot be hydrolyzed by the endopolygalacturonase, they 
increase monotonically with increase in F. Detectable consumption of Q3 only begins 
when the longer substrates have been exhausted (Fig. 3.5(b)), since the value of R3 
is quite small (Fig. 3.1).  
 
 
3.3.3. Case Study 3: hydrolysis of polygalacturonic acid by an exopolygalacturonase  
 
Figure 3.6 shows the profiles predicted for the hydrolysis of a polygalacturonic 
acid molecule containing 200 units, by an exopolygalacturonase that removes D-
galacturonic acid units from the non-reducing end. Once again, the various 
intermediate polymers are grouped together as fractions for plotting purposes: Q11-
20, Q21-50, Q51-100, Q101-150, and Q151-199. The profiles for these fractions 
have the appearance of a series of waves peaking at ever greater values of F as the 
degree of polymerization of the molecules in the fraction decreases (Fig. 3.6a). The 
wave for Q151-199 is more rectangular in shape and the subsequent waves (in 
sequence, Q101-150, Q51-100 and Q11-50) are smoother and smoother. This is not 
surprising, since at the beginning of the reaction, the enzyme has fewer substrates to 
choose from, as the reaction proceeds, a wider range of intermediates is available. 
The pattern of profiles predicted for the various fractions during the hydrolysis of 
polygalacturonic acid by the exopolygalacturonase is quite different from the pattern 
predicted for the hydrolysis of polygalacturonic acid by the endopolygalacturonase, in 
which all fractions coexist during the earlier stages of the reaction (see the 




Fig. 3.6. Profiles predicted by the stochastic model for the hydrolysis of polygalacturonic acid 
containing 200 D-galacturonic units by an exopolygalacturonase that removes a D-galacturonic acid 
unit from the non-reducing end. (a) Lumped profiles for various fractions, where each fraction 
represents the sum of molecules over the range of degrees of polymerization indicated by the symbol 
Qn1-n2. (b) Profiles for the smaller oligomers. The symbol Qn represents a molecule containing n D-
galacturonic acid units. Normalized values were calculated using Eq. (8). 
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The oligomers Q2 to Q10 only start to become discernable in the reaction 
mixture at a fractional reaction extent of 0.8 (Fig. 3.6b). This is quite different from 
what is predicted to occur with the endopolygalacturonase, where these oligomers 





Below, we compare our stochastic model with previous stochastic models for 
the hydrolysis of oligo- and polygalacturonates by endopolygalacturonases and for 
the hydrolysis of starch and malto-oligomers by amylases. We then discuss the 
modifications and extensions that would be necessary to extend our stochastic 
models to develop a model to describe the attack of a mixture of 
endopolygalacturonases and exopolygalacturonases on real preparations of 
polygalacturonic acid.   
 
 
3.4.1. Comparison with previous stochastic models of endopolygalacturonases 
 
Two stochastic models describing endopolygalacturonase action on pectic 
substrates have been proposed previously: by Williams et al. [19], who simulated the 
hydrolysis of a partially methylated homogalacturonan, and by Hunt et al. [20], who 
simulated the hydrolysis of unesterified oligogalacturonates containing from 3 to 17 
D-galacturonic acid units. These models were used as tools to explore the subsite 
architecture of the substrate binding sites of endopolygalacturonases. As such, the 
models included two steps per iteration, a binding step and a chain scission step. 
The key feature of these two models is that experimentally determined bond 
cleavage frequencies were used to determine the position of cleavage in shorter 
oligomers. However, this is not sufficient, because bond cleavage frequencies are 
obtained from experiments involving pure substrates (i.e. of a single chain length) 
and, although these experiments give information about the relative specificities that 
an enzyme has for catalyzing different reactions with the same substrate, they 
provide no information about the relative specificities that the enzyme has for 
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catalyzing reactions with substrate molecules of different lengths [23]. Neither 
Williams et al. [19] nor Hunt et al. [20] determined the relative specificity constants of 
their enzymes for substrates of different lengths.  
Our modeling approach is advantageous for a model intended as a tool for 
optimizing the saccharification of pectic substrates. Each iteration involves a single 
“binding plus reaction” step that directly uses the set of relative specificity constants 
for all reactions that the enzyme can carry out with all substrates that it can attack, as 
demonstrated in Fig. 3.1 [23]. Determining the set of relative specificity constants is 
also straightforward, as it can be obtained from a single time-course experiment 
through the so-called “fingerprinting” method [23]. 
 
 
3.4.2. Comparison with previous stochastic models of amylases 
 
Stochastic models describing two steps per iteration, namely a binding step 
and a hydrolysis step, have been proposed for the hydrolysis of starch by -
amylases [14,17,18] and maltooligosaccharides by -amylases [15,16].  
The model of Nakatani [14] for the action of porcine -amylase on amylose is 
quite different from that modeled in the current work, since this -amylase is capable 
of processive action, despite being an endoenzyme. After the porcine -amylase 
binds to and cleaves an amylose chain, it can dissociate from the product chain that 
remains in the active site, but it is not obliged to do so. Rather, in the next iteration, it 
can slide from between 2 and 10 units along this chain and catalyze another 
cleavage. Likewise, in the following iteration, it can either dissociate or slide. The 
simulations focused on the position of the initial binding and successive rounds of 
processive action, being stopped when the enzyme dissociated from the amylose 
chain. Given these differences from the model developed in the current work, it is not 
possible to make meaningful comparisons with the model of Nakatani [14]. 
The models of Marchal et al. [17] and Besselink et al. [18] use specificity 
constants, but do so in a manner different from that used in the current work. In both 
cases, in the first step of each iteration, the enzyme binds to one of the available 
substrate molecules. In the case of Marchal et al. [17], the chance of the enzyme 
forming a complex with a substrate S of length n is taken to be proportional to “(n-1)  
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[Sn]”. The relative values of the specificity constants are used in the second step of 






where kx is the specificity constant for the reaction of interest and kmax is the largest 
specificity constant for the system under consideration. A random number is 
generated to determine whether hydrolysis does in fact occur. If it does not, then the 
enzyme is assumed to dissociate and the reaction does not progress in that iteration.  
For a model using the approach of Marchal et al. [17] and Besselink et al. [18], 
the hydrolysis profiles for the various reaction intermediates, when plotted as a 
function of the fractional reaction extent, will be similar to those of a model based on 
the approach used in the current work. This occurs because the probability of binding 
is expressed as being proportional to the substrate concentration and the relative 
probabilities of the various reactions are expressed as depending on the relative 
values of the specificity constants, such that the product “kx[Sx]” appears, albeit 
indirectly. However, our model is conceptually preferable because the relative 
specificity constants contain information about both binding and reaction and, as a 
result, they determine relative reaction rates directly [25], so it is not necessary to 
consider two separate steps. Another advantage is that, in our model, the fractional 
reaction extent advances with each iteration, while in the models of Marchal et al. 
[17] and Besselink et al. [18], it is possible for many of the iterations to make no 
contribution to advance of the fractional reaction extent, making their approach 
computationally heavier.  
Finally, Nakatani [15] and Ishikawa et al. [16] used stochastic models to 
describe the action of processive -amylases on malto-oligomers. In these models, 
the probability of the enzyme binding to a particular substrate of interest (denoted by 
PBx) is assumed to depend on the values of the dissociation constants (KD) of the 








In both models, all binding actions are followed by a reaction, dissociation 
without reaction is not permitted. The reaction that occurs is either “reaction followed 
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by sliding along the product molecule remaining in the active site” (i.e. processive 
action, with probability PP) or “reaction followed by dissociation” (with probability “1-
PP”).  
Although Nakatani [15] and Ishikawa et al. [16] were able to fit their models to 
the experimental data, it is, in fact, the relative values of the specificity constants that 
determine the relative rates of the various reactions, and not the relative values of the 
dissociation constants [25]. In other words, the relative values of kcat are also 
important. In fact, in analyzing their model, their dissociation constants should be 
understood as actually representing the inverse of the specificity constants, in which 
case Eq. (11) would become analogous to Eq. (3). 
 
 
3.4.3. Towards a model that combines exo- and endo- activities  
 
In this work, we developed two stochastic models, based on the Monte Carlo 
method, for the hydrolysis of oligomers and polymers of D-galacturonic acid: one for 
an endopolygalacturonase and the other for an exopolygalacturonase. Below, we 
discuss three issues that will need to be addressed in the development of a model 
that combines both activities to describe the hydrolysis of real preparations of 
polygalacturonic acid.  
The first issue is that pectic substrates like polygalacturonic acid are not pure, 
rather they contain a distribution of molecules with different degrees of 
polymerization [26]. This distribution can be characterized experimentally using 
techniques such as high performance size-exclusion chromatography coupled with a 
multi-angle laser-light-scattering detector (HPSEC-MALLS) [27] and the information 
could be used to initiate the simulation with a distribution of substrate molecules 
rather than a pure polymer with a single degree of polymerization.  
The second issue is that it is difficult to obtain experimental data of sufficient 
quality for estimation of the relative specificity constants for the various attacks that 
endopolygalacturonases can carry out on molecules longer than about 10 units. For 
example, application of the “fingerprinting” method for branched reaction schemes 
that was developed by Pereira et al. [23] requires accurate profiles for the 
concentrations of all molecules in the reaction mixture over the course of the 
hydrolysis of the original substrate molecule. This is feasible for oligomers up to at 
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least the heptagalacturonate, as shown by the analysis that Pereira et al. [23] carried 
out with the experimental data of Bonnin et al. [21]. However, it is not a simple matter 
to obtain these profiles for longer oligomers, for two reasons. Firstly, pure 
preparations of longer oligomers and polymers are not available, such that it would 
be necessary for the researcher to produce such preparations in-house, for use as 
standards in calibrating the analytical method. This is not a simple task and rapidly 
becomes unfeasible as the degree of polymerization increases. Secondly, even if 
obtaining pure standards for calibration of the analytical method were not a problem, 
these longer oligomers are typically present in quite low concentrations in reaction 
mixtures obtained during the hydrolysis process and, furthermore, their peaks are 
often poorly resolved from one another [28]. As a result, it is probably not feasible to 
obtain reliable values for the relative specificity constants for the attack of 
endopolygalacturonases on oligogalacturonates with degrees of polymerization 
above 10, and these specificity constants must therefore be estimated indirectly.  
The third issue is that extending stochastic models to describe the action of a 
mixture of an exopolygalacturonase and an endopolygalacturonase in the same 
reaction medium means that it is necessary to represent the relative values of these 
two types of activity in the reaction medium. At zero time, this could be done simply 
by using a large number of enzyme molecules in the simulation, with the initial ratio 
of exopolygalacturonases to endopolygalacturonases being set at the desired value. 
However, as the reaction progresses, it would be necessary to recognize that these 
two different enzymes could suffer different degrees of product inhibition or could 
denature at different rates. This is not an issue when only one type of enzyme is 
simulated: if some molecules of this enzyme are inhibited or denatured, then these 
molecules do not contribute to the advance of the degree of reaction, so phenomena 
such as inhibition and denaturation can simply be ignored. However, if the 
exopolygalacturonases and endopolygalacturonases in a mixture are inhibited or 
denatured to different degrees, this affects the relative proportions of their activities in 
the mixture. In the extreme case, if one type of enzyme is completely inhibited or 
denatured, the reaction can still proceed through the action of the other type. 
Therefore, inhibition and denaturation would need to be described explicitly, so that 
the ratio of the activities of the exopolygalacturonase and the endopolygalacturonase 





In the current work, we developed two stochastic models based on the Monte 
Carlo method: one for an endopolygalacturonase and one for an 
exopolygalacturonase. These models use the relative specificity constants of the 
enzymes in a conceptually correct manner to determine the relative rates of the 
various reactions. We demonstrated that these models can be used successfully to 
simulate the hydrolysis of polygalacturonic acid. These models represent the first 
step towards the development of an integrated stochastic model, based on the Monte 
Carlo method, for the hydrolysis of pectic substrates by pectinase preparations, 
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CAPÍTULO 4 - CONTRIBUIÇÕES E LIMITAÇÕES 
 
 Este trabalho de doutorado representa um primeiro passo em direção a uma 
modelagem estocástica ao longo do tempo de reação e embasada na teoria da 
cinética enzimática clássica. Ao longo do trabalho, foram desenvolvidos dois 
modelos estocásticos baseados no método Monte Carlo com o objetivo de simular a 
hidrólise de ácido poligalacturônico pela ação de endopoligalacturonases e de 
exopoligalacturonases.   
Pela primeira vez, foram desenvolvidos modelos estocásticos para descrever 
a hidrólise de polissacarídeos e oligossacarídeos ao longo do grau de reação que 
utilizam como parâmetros as constantes de especificidade, o que está 
conceitualmente de acordo com a teoria da cinética enzimática clássica. A hidrólise 
de poli- e oligogalacturonatos por endo- e exoenzimas foi o estudo de caso 
escolhido para apresentar o método. Trabalhos na literatura já haviam utilizado o 
método Monte Carlo para descrever o padrão de ação de enzimas que hidrolisam 
polissacarídeos solúveis. Entretanto, nesses trabalhos, parâmetros diferentes das 
constantes de especificidade foram utilizados para caracterizar as enzimas, como as 
constantes de saturação pelo substrato e a frequência de clivagem de ligação (Bond 
Cleavage Frequency). Portanto, a contribuição desse trabalho vai além do âmbito da 
modelagem da hidrólise enzimática de derivados da pectina, uma vez que contribui 
para a estruturação de modelos que utilizam o método Monte Carlo para descrever a 
hidrólise enzimática de oligossacarídeos e polissacarídeos solúveis como um todo. 
Este trabalho também estendeu o método de Fingerprinting para a 
determinação de constantes de especificidade de esquemas reacionais altamente 
ramificados. O método havia sido aplicado somente para esquemas lineares e 
esquemas com apenas dois ramos. A importância desta extensão reside no fato de 
que as constantes de especificidade devem ser detalhadas para os substratos 
oligoméricos, uma vez que a preferência da enzima é significativamente alterada 
pelo tamanho do substrato oligomérico e pela posição da ligação glicosídica a ser 
quebrada dentro do oligômero. O método Fingerprinting é superior aos outros 
métodos já descritos na literatura para determinação das preferências da enzima, 
uma vez que, a partir de um único perfil completo de reação, fornece as preferências 
da enzima pelos seus diferentes substratos e pelas diferentes reações possíveis 
com um mesmo substrato. 
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Entretanto, ainda existem desafios para obter as constantes de especificidade 
para reações catalisadas com oligômeros. Os perfis completos de hidrólise de 
oligogalacturonatos existentes na literatura apresentam inconsistências, por 
exemplo: o número de unidades de monossacarídeos totais não se mantem 
constante ao longo do tempo. Como consequência, esses dados experimentais 
geram constantes de especificidade imprecisas quando submetidos ao método 
Fingerprinting. Diante desse cenário, etapas futuras da linha de pesquisa devem 
incluir a produção com qualidade de perfis completos de hidrólise de 
oligogalacturonatos.  
A preferência da enzima tende a variar cada vez menos quanto maior for o 
grau de polimerização do substrato. Portanto, as especificidades frente aos 
polímeros podem ser caracterizadas, em etapas futuras de trabalho, por 
experimentos de velocidade inicial que utilizem como substrato uma mistura de 
moléculas pertencentes a uma mesma faixa de tamanhos. Neste caso, um conjunto 
de moléculas poliméricas com diferentes graus de polimerização estaria 
caracterizado por uma mesma constante de especificidade no modelo, uma vez que 
é inviável a aplicação do método de caracterização Fingerprinting para polímeros. 
A dificuldade para encontrar parâmetros cinéticos e dados experimentais de 
perfil de reação confiáveis afeta também a modelagem matemática da hidrólise de 
polímeros ao longo do tempo. A mudança da variável independente de grau de 
extensão da reação para o tempo faz com que seja preciso incluir no modelo 
fenômenos como: inibição pelos produtos, formação de complexo enzima-substrato 
não produtivo, ociosidade da enzima (ou seja, enzima livre no meio reacional). Para 
representar esses fenômenos que afetam o perfil de reação ao longo do tempo, são 
necessários outros parâmetros cinéticos, como as constantes de saturação pelo 
substrato e as constantes de inibição pelos produtos. 
  O próximo passo de desenvolvimento do modelo estocástico deve ser a 
simulação da ação conjunta de endo- e exopoligalacturonase em uma mistura 
reacional ao longo do tempo. Em seguida, a inclusão dos fenômenos de inibição 
pelos produtos torna possível otimizar a razão de endo- e exo-enzimas que deve 
estar presente em uma preparação enzimática, ou seja, determinar a razão que 
origine a maior produtividade de ácido D-galacturônico. Passos futuros no 
desenvolvimento do modelo podem prever também como a retirada de ácido D-
galacturônico ao longo da reação poderia aumentar sua própria produtividade. 
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